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SCORROSION OF TITANIUM

J. D. Jackson and W. K. Boyd*

SUMMARY DMIC
No. Date Title

This memorandum summarizes information thathas become available to the Defense Metals Informa- 26 Myi,16 orso fMtrasb

tion Center since 1960 on the general corrosion Ethylene Glycol-Water

behavior of titanium and titanium alloys. It sup- ( 466284)

plements similar information contained in Bureau Jan. of Metals in Oxygen
of Mines Bulletin 619, which covered the period MEMORANDA
through 1960. Collectively, these two publications
provide an up-to-date review on the performance 89 Mar. 6, 1961 Summary of Present Information

of titanium and its alloys in various salt solu- Titanium When Exposed totions, mineral acids, organic compounds, gases, Varius Oxidizeps 12
been perfomed on tianium inVarious corsiespc dSrctrlzaer ials 6139

and liquid metals. $0.50)

Since 1960, a number of field tests have 151l* Apr. 27, 1962 Compatibility of Propellants

113 and 114 B2 With Aero-
been performed on titanium in various corrosive13ad14B2WtAeo

space Structural Materials
environments. This memorandum points out those (AD 275427, $0.50)
service applications where the use of these materi- 163 Jan. 15, 1963 Reactivity of Metals With
als is likely to be limited, as well as many appli- Liquid and Gaseous Oxygen
cations where their use has been quite successful. (AD 297124, $0.75)

This memorandum also identifies certain media 173 Aug. 1, 1963 Reactivity of Titanium With

and conditions under which stress-corrosion crack- Gaseous N204 Under Conditions

ing behavior has been observed in titanium and/or of Tensile Rupture (AD 419555,

titanium alloys. These media include certain solu- $0.50)

tions of NaCl, H2SO4 , HCl, dry red fuming nitric 201 Jan. 29, 1965 Compatibility of Materials

acid, methanol containing H2SO4 or HCl, certain With Rocket Propellants and
grades of N204 , molten cadmium, mercury, silver,
and silver-containing compounds and alloys. Ex- 209 Oct. 5, 1965 Materials for Space-Power

periences with the stress-corrosion cracking of Liquid Metals Service
titanium and its alloys in hot salt and on the
accelerated crack propagation of these materials
in selected environments are not included in this
memorandum, these having recently been summarized July 29, 1964 Permeability of Titanium to
in another DMIC publication. Hydrogen

April 9, 1965 Liquid Metal Embrittlement
INTRODUCTION July 9, 1965 The Effects of Silver on the

Properties of Titanium
The use of titanium has grown remarkably since Feb. 1, 1966 The Stress-Corrosion and

since it first achieved commercial status in the Accelerated Crack-Propagation
early 1950's. By the end of 1965, the total of Titanium and Titanium
annual mill production of titanium had reached Alloys
nearly 19 million pounds, of which about 90 percent Feb. 4, 1966 Reaction of Titanium With
went to aircraft and aerospace applications. This Gaseous Hydrogen at Ambient
usage has resulted largely from the high strength- Temperatures
to-weight ratio and good corrosion resistance of Apr. 11, 1966 Stress-Corrosion of TI-6AI-4V
titanium and its alloys, in Liquid Nitrogen Textroxide

To keep pace with the vast mount of corro- As indicated by their titles, most of these

sion information that has been generated since the publications were concerned with behavior of titanium
in specific media or envirgn9nts. In 1964, theSearly 1950' s, the Defense Metals Tnformation first and only OUCO reportL 1 htdel with the

Center generated a series of 17 reporta, memoranda, general corrosion behavior of titanium and its

and technical notes that dealt wholly or in part al (ortoNon b7hasuo r bf u . s
with the performance of titanium and its alloys. alloys (Report No. 57) was superseded by U. S.
wThese te pisterfom ceof Bureau of Mines Bulletin 619, "Corosioon of Titanium

These listed belowIts Allys" by David Shlain.m2) This bulletin

EIII provides an excellent and comprehensive su matry of
ALI-. Date Title general corrosion data, most of which were obtained

prior to 1960. This present RAIC memorandum repre-
REOS sents an effort to summarize siiar corrosion

57 * Oct. 29, 1956 The Corrosion of Titanium date that have been generated since that time.

(Ps 121601, $4.75) Thus, taken together, Bureau of Mines Bulletin 619

B4W* Sept. 15, 1957 The $Stses Corrosion and and this memorandum provide %hat is believed to be
Py•ophoric Behavior of a reasonably complete and up-to-date Smarasy ofTitanium and Titanium the general corrosion behavior of titanium and its
Ailoyi (PB 121635) alloys in various salt solutions, mineral acids,

*Research Chemical Engineer and Chief* respective- organic compounds, geses, and liquid metals.
ly, In the Corrosion Research Division, Battelle
Memorial Institute, Columbus, Ohio. So far as other iXIC publications are con-

s*, iC supply e*bausted, copies may be ordered corned, the date in this memorandum Supplement
from CPSTI. References are listed on pages 38 to 41.

em3ý



but do not supersede or include the detailed data and HC1. In 400 to 500-hour tests, unalloyed
contained in the above-listed technical notes. titanium weldments suffered corrosion of 70 to 200
The only exception is that no attempt has been mpy. Weldments of TI-3Al-l.SMn were more resistant,
made in the present memorandum to summarize or about 12 mpy, and welded 0T4-2 corroded at 2.4 mpy.
review those data that appeared in the techr. ;
note of February 1, 1966, relating to the hot-sit Table 4 presents additional data for unalloyed
stress-corrosion cracking or crack propagation be- titanium in various chloride solutions.
havior of titanium and titanium alloys. Much new
information on these two subjects is currently Table 5 shows the effect of pH on the corro-
being developed on programs associated with the sion resistance of unalloyed titanium to boiling
development of the supersonic transport by the 23 percent NaCl.(8) The solution was probably
FAA and the deep-diving submersible vehicle by the acidified with HCI, showing the effects of increas-
Navy. Consequently, it is the intent of DMIC to ing HCI content.
undertake a complete and separate review of the
hot-salt and crack propagation data toward the end Crevice and Pitting Attack
of 1966 by which time a reasonably complete sum-
mary of this new information can be made. Titanium has been shown to be subject to

crevice attack in high-temperature salt solu-
QO)ROSION IN SALT SOLUTIONS tions.(3,6,9,10) With NaCl the severity and fre-

quency of the attack increase with increase of salt
General Corrosion concentration above a temperature of 212 F. The

frequency of attack increases with exposure time.
In general, titanium and its alloys show ex- The attack increases with increased acidity but

cellent corrosion resistance to seawater, salt has been observed at a pH as high as 8.7.
water, and other salt solutions over a wide range
of temperature and concentration. Much of the Several alloys also show some susceptibility
data supporting thess conclusions were obtained to crevice attack. 9) These includeds
prior to 1960, and have been summarized in detail
by Schlain.(2) Ti-3 .SAl-4.9Cr-0 .2Fe

Ti-4.2AI-4. 6Mn-0 .3Fe
For reference purposes, the corrosion rate TI-6.4A1-4.2V-0.2Fe

of unalloyed titanium in seawater at ambient ten- Ti-7.4Al-2.OCb-l.lTa-O.2Fe
perature is low, about 0.02 mils per year.(3) Ti-8.2Al-8.5Zr-0.7Cb-O.STa.
Several titanium alloys, TI-75A, TI-6AI-4V, Ti-SAl- TABLE I. EXPOSURE IN CALANbM CHLORIDE 3OLUTIONO
2.5Sn, and TI-3AI-llCr-13V, were completely re- nwmils, pit m . Fo, Iremw Eqm"
sistant to deep ocean exposure for times to 197 1 2 3 4 5 6 7 S 9 I0 1
days in stressed ur unstressed cordition.(4) The T(I) 0 I02 Q. 16) 04 0.03 0() I) - o0) 1)
exposure was made at 2340-foot depth in the Pacific TIM( Nii
Ocean off California. Some specimens were partly TO) 0 ..
submerged in the mud at the bottom. The salinity TO) - - - ....6

was 34.37 g NeC1/kg of seawater, pH 7.46, with an TI(M - - - 0.5 - - Id') ... .
oxygen content of 0.60 ppm. The temperature TiA) -. - -

TA1) - - - -averaged 45 F with a velocity of about 0.3 knot. Tp) . "
Stress specimens were stressed from 35 to 75 per-
cent of yield strength with no indication of bw m .- 95%"wt
failure after 197 days. () P ;.wu "m Vtsio - 11 bm % mut".

(43 tw "Wise .stsokiq " -1 to WI pmtBwv.

Table I gives corrosion rates for various ~*d .s W
wrought and powder-metallurgy produced titanium to IW( o=I
meterials in calcium chloride solutions. Note (1 ,i Mat41

III) 1100 mwed WAINIt 44 H21011 to0011 11that "regular" (i.e., presumably, Conventtonally m ic*10*.
Smelted and rolled material) unalloyed titanium () 0 w

shows about the same resistance as the other materi- (IP0 ft*4
ala. Table 2 gives corrosion rates of several (1)
titaniu-moiybdenum-palladiuml-carbon alloys in Imt M b* ode•
several CaC12 solutions as well as in various (sUTid
mineral acid solutions. Note that, in 350 ,9 T0 DMN
73 percent =C12, severe pitting occurs in unalloyed t" , .F O
titanium but not in alloys containing palladium or
molybdenum.goh

The corrosion resistance of several welded
titanium alloys was investigated in chloride salt 3 " 0 0

solutions.(5) The corrosion rates are shown in 4 n S
Table 3. IUposure times of 705 to 932 hours were 5 310 1
used. * mbac'

The corrosion resistance of the welded f$
specimens was found to be comparable to the base * € 5
metal. Welded titanium alloy 0T4-2 (5.5-6.7AI, I mt 30 W
1.0-2.3Mn) was equally resistant to the media 0 m * u
shown. Titanium was severely corroded in 75 per-
cent CaCI2 at 352 V, howver. 11

lo~ther studies were made ussing KIC12-0120 at
374 to 3"9 F.(5) This alIt decooses to MUOCl2
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TABLE 2. EXPOSURES WITH TITANIUM ALLOYS*(3)

Corrosion Rates, mils per year, For Indicated Exposure**
Material 1 2 3 4 5 6 7 8 9

Ti 0.002 8(e) Nil 0.003 0.0006 0.1 > 95(a) 1110 Nil
Alloy I Nil Nil 0.006 0.01 0.0006 0.1 > 90(a) 968(g) NilAlloy 2 0.003 Nil Nil 0.006 0.001 0.1 2 21.3 0.03Alloy 3 0.005 Nil 0.01 0.005 0.02 0.9 3 5.6 3
Alloy 4 (l(b) Nil Nil -- 0.01 2 -- 12.6 --
Alloy 5 2 25(c) 0.003 -- 0.02 1 -- >40oo(e) 0.6
Alloy 6 Nil 0 03 (d) 0.007 0.08 0.03 4 3 -- 24Alloy 7 0.1 14(c) 0.003 0.06 0.02 0.7 >210(a) >4000(e) 0.3Alloy 8 Nil Nil 0.0001 0.02 0.01 0.4 28(f) 223 0.3Alloy 9 Nil 0.003 -- -- 0.02 0.8 -- 396 0.4
Alloy 10 Nil 0.03(d) 0.01 0.02 0.02 3 3 14.2 14Alloy 11 <1(b) 0.02 0.001 0.01 0.02 1 6 33.4 --Alloy 12 -- Nil 0.01 -- 0.05 5 -- (0 .2(h) --

Alloy 13 <1(d) 0.02 0.005 -- 0.002 -- 3 14.4 6
(a) Specimen completely consumed.
(b) One pit in specimen.
(c) Very badly pitted.
(d) Slight attack under spacer.
(e) Perforated.
(f) Scattered pits.
(g) One specimen consumed.
(h) Uniform etch with deep pits.

*Note:
Alloy Compositions

Wrouaht Titanium Cast Titanium
A~1n2 Ed C Mo AL191 Pd c mo
1 0.22 -- -- -- 1.90 --
2 0.19 0.015 11.90 6 -- 1.07 22.66
3 0.20 0.014 19.89 7 - 1.45 -
4 -- 0.010 24.62 8 0.20 1.19 -

9 0.21 1.29 -
10 0.15 1.30 19.69
11 0.11 1.16 12.36
12 -- 1.06 29.25
13 0.17 1.19 20.96

**Not*$

Test
Temp, Duration,

Exposure InvironmeL%_ .2.. dagys...
1 62% Ca 2  310 96
2 73% CSC12 350 84
3 wet Cl 2 gas 200 132
4 Cl 15g, wet C12  110 140[•, HOC1,

O02409, air 309
5 NeCl brine (chlorine 2DO0 132

Cell anolyte)
6 69 H290 4 , saturated 60 92

with C12
7 30 %C1 + 200 ppm Ambielt 121

free C12
8 31X HCl + I ppm 130 7

free C12, ttaces
chlorinated
organic.

9 60 HN03 saturated 210 69with metal nitrate*

-49,

-j
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However, a Ti-O.15Pd alloy was significantly more

TABLE 3. CORROSION OF TITANIUI WELDS IN SALT SOLUTIONS(W) resistant.(9) Crevice attack, once started, tends

to continue even though the crevice is destroyed.
TMean Corrosion Htate. my Up to 50 percent of exposed crevices show attack inCancan- Tempera- Vrt (nlvd• 5M(3I-.1~ svr nvrnet.9

tration, tune, Welded Parent Welded Parent severe environments.(9)
Medium wts F Joint Metal Joint Metal

In concentrated salt-refinery brines, the
MgC 2  52-53 325 0.12 0.12 0.02 0.02 corrosion rate of titanium is reported as about 0.3
CaC12  50.6 266 0.05 0.05 0 0
N34Cl 46.5 239 0.02 0.02 0.04 0.04 mi per year In either standard or alkaline brine.

Crevice attack is reported in standard brine (pH
Solution •7.5) at 225 F but not in alkaline brine (pH >12) at

208 F. The standard brine contains CaC12 , MgC1 2 ,
?a2Cl 78.4 0. . . and NaCl in solution, plus crystals of CaS04 and
Na2so4 7.0 0. . . . NaC1. The alkaline brine contains Na2SM 4, Na24c,

7-NaCH, and NaCl plus crystals of NaCl.(l0)

The effect of sodium chloride on the pitting
tendency of various alloys in H SO has been in-
vestigated.(ll) The technique employed is to com-
pare standard electrochemical polarization curves
for conditions with and without additions of NaCl.
Studies in IN H2S04 at 77 F show almost no increase
in the corrosion rate of titanium with addition of

STABLE 4. CORROSION OF UNLWXED TITANIUM IN VARIOUS SOLUTIONS N NaCl. Hastelloy C shows an increase in current
TA___4.________________ED___T__________OU____TION density of up to 10 times for salt addition. Type

Concen- Tempera- Corrosion 316 shows up to 100 times increase and Type 304-L
tration, ture, Rate, greater than 100 times increase. These data support

Environment ioercent F No Rteference the view that titanium Is more resistant than many

10 212 <0.4 other metals to pitting or crevice attack.

CaC12  20 212 <3.9 (6)
CaC12  50.6 266 O.05(a) (5) Figure 1 indicates areas of temperature and
Ce(Clo)2 6 212 <0.04 C6) concentration where pitting attack of titanium is
OCcI 50 212 <0.04 (1) reported for calcium chloride and aluminum chlo-
cuCl 2  40 2o1l <5 (6) ride. The 0.2 palladium-titanium alloy is re-Old12  40 212 <3.9 (6) t ti n7 ecn
FOC13  30 212 <0.4 (6) ported to be re istapt to pitting in 73 percent
FOC13  50 302 <5 (7) CGC12 at 350 F.M3,12)
HaG12 10 212 <0.4 , Q6
M9C12  52 325 0.12(s) sou)~ngCl 2  sau0e 212 <0.4 (6) Zinc chloride soluti na may also cause pit-

Macl Saturated 232 <5 () ting attack of titanium.( 1
PI4CI 46.5. 230 0.02(6) Ms
SnC1S 24 212 <0.04 (6)
*541 1S.4 239 ato (5) .*itn
oMaCt 7.9 239 0o.oa) 151

M423 04  7.0 239 Genera

* A12 (80 4  Saturated 75 <5 (5) .e. ral\
W 010-20 Boil (5 0S)
S124 Saturated 75 • <5 L)NNtO41-20 is• <5 e) &" CNC12AI1

(a) Weld anid 0ermit maetl. D- f m i m eSGo~ncentration s weight perc:ent

FIGUR 1. TIMPIRAIURV/OOUNIN ITIOU ARRAS FOR
PITTING ATTAX O UNALOIYED TITANIUM
IN COC12 AND AIC13(6)

TABLE 5. inrnct OfPHO pM C SNION of I"M3att p~~ at
TITANILK IN BOILING 23 PRRtRNT ASi )

Recent studies show the excellent cpusion
Corrosion Rate, fatigue behavior of titanium in seawater.l13)

ON. my Figure 2 compares Ti-6AI-4V with several other
materials of construction on a density basis.

1.0 33.6 Table 6 coares the wat'o of corrosion fatigue
1.1 33.0 strtngth to tensile strength 4or the given mateolals.
1.2 28.0 The tests were performed by exposing the specimens
1.3 25.1 to seawater without !oad for 7 days prior to fatigue
1.4 Nil testing. A Sonntog SF-I-U fatigue machine was

.• il operated at 1o00 cpm with sen ter cotimmusly
circulated past the specimen at 2.5 to 3 gallons
per minute.

Table 7 gives results of flexural fatigue
tests perfomid In brackish Sevem River wter
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TABLE 8. EXPOSURE OF STRESSED Ti-6AI-4V TQ V I- TABLE 9. EROS wN-CRROSION STUY OF nTATIUM IN OIL-WELL
OUS ENVIRONMENTS WITHOUT FAILUREUI 1 LABKC-'qY AND SERVICE T5STSkL9)

-xposure Ti. e . Velocity,"Exposure Corrosion late. WX
__osueT_. ho_(a) Velocity, Time, As

Heat Environment f t/seC days Received Polished

nnn Treated, ASTM Brine, air - 2-3 0.0 --EnvironMen-t Annealed AaAed We lded saturated(a)
Crude otl and -- 2-5 0.0

SAerated tap water 1700 1700 750 brine bfAerated t• ap water 1700 1700 750 West Texas crude 10 2 0.57 0.28
Aerated 3% aC water 1700 1700 750 oil 40 2 6.7 1.3Aerated 0.25 percent 1700 1700 750 3% NeCl + 20 percent 10 1-1/4 - 0.0sodium dichromate West Texas crude oil 40 1-1/4 - 0.26sodiu Slution 3e NWCe + 20 percent 10 1:3/4 - 2.1

uest Texas crude oil 40 1-3/4 - 23
4 percent soluole oil 1700 1700 750 + 1.2 percent 150 to
Trichloroethylene 1150 1150 1150 20 sesh sand
Cosmoline 1700 170r 75)0 Field Test, crude oil - 23 -- 0.0-0.01
Laboratory air .. .. "/0 and brine
Seacoast 1400 1400 1400 (a) Ipingament, 100 psi pressure differential; distance ofspecimen from 1/64-Inch orifice, 1/4, 3/8, &nd 1-1/2 inches

(b) lapingement, 150 psi pressure differential; distance of(a) Dent-beam tests, specimens stressed to 75 specimen from 1/16-Inch orifice, I inch; from 3/64-Inch
percent of yield strength; yield strength, orifice, 1-1/4 inch.
annealed: 132,000 psi; heat treated and ageds field-service testing of titanium shows many
163,000 psi. areas where titanium should be considered for service.

Table 10 gives results of service tests in several
Stress was shown to be detrimental to an alloy chloride solution environments. Note that, while

containing 5.5 to 6.7 Al and 1.0 to 2.3 Mn in MgC12  the titanium served well In many of these solutions,
at 374 F, as discussed earlier.(5) With stressed it was not serviceable i.n 350 F 73% CACl 2 , NaCl brine
0T4-2 [Ti-(5.5-6.7)Al-(Il-2.3)Mn] specimens, cracking with HOCI, or MaC1 In chlorine cell orifices.
developed In the base metal but not in the weldment.
This may be due to use of dissimilar (3Al-l.mln) weld ODRROSICN IN MINERAL ACIDS
rod for these welds. In previous studies,(17) the
authors showed that increased aluminum contents In Sulfuric Aci
titanium alloys gave reduced resistance to cracking
when stressed in concentrated nitric acid. Evidently General Corrosion
the higher aluminum content of the base metal causes
corrosion under stress In MgCl 2 at 374 F. Unalloyed Titanjim. Titanium shows poor re- -

sistance to sulfuric acid In concentrations greater
St~ress0 was not found to be detrimental to any than about 5 percent. The corrosion rate at room

of the three titanium alloys (i.e., VTI-I, OT4, and temperature is approximately linear with concentra-
GT4-2) tested in the solutions shown in Table 3. tions up to 20 percent n e the penetration is

about 30 mils per year. At 40 percent H2 8O49 the
fo Stress-corrosion sa 0 enong tess wfre pea- corrosion rate shows a minor peak of about 80 spy
formed In water at 500 F on materials for. stes- iand drops to a minima at 60 percent acid. A majorgenerator tubing in nuclear pcwer plants.(18) corrosion peak of up to 600 mpy etration occurs
Commercally pure titanium U-bend specimens showed at 78 percent acid.(see Table l.20) In 100
no detrimental attack in the liquid or vapor phase. percent acid, the corrosion rate is of the order of
Although high-purity water was used, 500 to 550 ppm 100 opy. In oleums the corrosion decreases until
chloride as diluted synthetic *emater and 250 to a rate of about 10 Ipy Is reached at 65 percentM ppm P04 as disodium phosphate were adde. The ul (g03)
pI was adjusted to 10.6 to 11.2 with NMa. The oxy-
gen content was 7 to 9 ppm (air saturation at row At room temperature the corrosion of titanium
temperature. in %3204 is slightly lower over the onti"re concpn 1a-

tion range when purged with pur 02, ,29 or 112.o0
.i ie. d 4. a At elevated tamperature, the corrosion rate Increases

catastrophically when deaerated even at concentra-
Laboratory and field tests of brine solutions tions as low as I percent actd.(l) In boiling I

indicate that titanium is a excellent choice fto peicent acid, the corrosion rote is 100 spy or
oil-well lift vales when copaired with onell, .22)
nickel L.5, J_ -40, 9% Nit and 316 stainless
steel.(19) Titanium prformd well In labrory The addition of mall amounts of saw salts

tests using aerated fluids and in field tests of to iA2804 solutions deCreaes the attak of titanium
gas lift wells. As shown In Table 9, tests in sour (see Table 12). Note the effect of exposed surfame
crude walls showed titanium to be Inferior to norm- me on the corroston of titanium.
ally used materials. The electrochemical potential
of titanium in brine from a Ihrton Compny Tepas In the processing of nitclel-cobalt ores,
wel measured by a saturated calomel electrode titanium is found to be me of the best materisls
varied from 0.3471 to 0.3174 volt ofter 12 minutes. In sulfuric acid solutioms acotalninl I 2l 4 wit

of dissolved salts and suspnded soltde ,
The solutions contain 2 to 5 percent fm %V4 with
nickel, Iran, aluminms, magnesium, and mmngsnosesulfates, In concentrations UP to I Percent by welobt

oStross levels not disclosed, eecho plus mall amounts of cobalt, copper zinco,

S|KS• :q L4 b :' : LL_____4"___
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TABLE IC. FIELD TESTING OF TITANIUM EQUJIPMENT IN OILOIClI SOLUTION ENVImmIENS(3)

Time of
Type of Service,

Eauoment Titanium EnjIronment months Remarks

2 Inch gate valve Cast 55% CaC12 at 220 F 42 Excellent
3 inch schedule 5 pipe Wrought 55% CaC1 2 at 270 to 290 F 8 Excellent
3 Inch schedule 5 pipe Wrought, 55% CaCI 2 at 270 to 290 F 8 Excellent

Ti +
0.2% Pd

Vertical filter press leaf- Wrought 55 CaC12 at 230 F 9 Excellent
wire mesh separation

2-inch heating coil A-55 6% CaC12 at 310 F 36 One small pit after
1 year. Some pit-
ting above liquor
level when test
stopped

1/4 inch Themowell Wrought 73% CaC12 at 350 F 9 days Failed
Nipple Wrought Treated filtered 310 gpl 24 Excellent

MaCi brine
Heat exchanger Wrought 310 gpl MOCa brine, pH 4 10 Excellent
Nipples (2) Wrought 310 gp'. NeC1 brine, pH 4 10 Excellent
Nipples (6) Wrought KCl brine 28 Excellent
Level Indicator Wrought NsCl brine, pH 2-4 15 Excellent
Bolts on inside flanges of Wrought Acid brine 24 Apparently okay

apargers

Nipples (8) Wrought NaCl brine 10 Excellent
14 inch orifice A-55 310 91 NeCI, pH 4 48 Excellent
orifice A-70 310 gpl NaC1 48 Excellent
4 inch orifice Wroioht 310 gpl N&Cl 36 Excellent
10 inch orifice A-70 310 gpl aCI, p1H 10-11, 48 Excellent

150 to 160 F
6 inch crifice A-70 340 gpl KCl 28 Some corrosion and

etching at Inner
edge of gosket

6 inch orifice (2) A-70 340 gpl KCI, PH 5.2, 160 F 36 Excellent
3 inch orifice A-70 275 gpl NCl. pit 1.15 24 Excellent
Orifice Wrought Depletnd MQCA brine 24 Excellent
Thermewell A-55 MIbl brine, HOC, 0.05 to 48 Excellent

0.10 9p1, PI 4
Thelmell Wrought aCl brine, HOCl, 0.05 to 24 Excellent

0.150 gpl, PH 4
Them1 weil Wrought NaC1 brine, DOCI 12 Failed at weld
TheaM ell (2) A-" 300 p11 Ma1, PH 10 48 Excellent
Thermwall A-0S 340 gp1 KC1 36 Excellent
Thtm uell (2) A-55 300 to 320 gpl KCl, PI 10 to 36 Excellent

10.1, 145 to 160 F
Themsuwll A-S ICI. 340 9pl, PI 5.2 36 Er~el lentThesmall (3) Wrougt Act@l X& britnes, plH 2• 24 cellent

TAKonle I conro wrouo iRnISa brin V131 SSM UDt IUSI 130.

Chl~otne call feed W•Iitee UI~ught MGMt bilng 3 to 4 failed In I to 2
week at am plant,
3 to 4 months at

Othe plantTitelm eleto~tdes in KM Wrought 8tmnply elLallle, week is ftellett

O tank 1M slu0ion

TAMi~t . X K • INIM OF 010 W & IN. NAM ,£•A0OW)O/

ISl 16160 S 12 43

All~,,o to 4 T o rA

OY1 1 130 to11

Ti-)Se.0.1N - 0il il Il 1.0 1 M 57 100 4b
RTI-3k-NI - N-. IM 0 ,0 1 ,1 2 4 100 41

TI-,1 N 110 MD 3- 1- 140 4 ! l
i-- .8 - 3.1 5. 1 12 90 71 5

TI-NId i -- NIl Ntl Ni•l 0.l 0. 36 10 64

II

-A I



TABLE 12. EFFECI OF ADDITIONS ON QORROSION OF TITANIUM

AciU
Concen- Tempera-
tratl6n, Alditions ture, Corrosion,

Kind percent Material Percent F MY Reference
H2SO4 ZirLonvl sulfate 3 to 4 90 1 (23)

Hair saturated)

H2SO4  45 Na2 Cr207  8 105 0.03 (23)
Na2SO4  8
Cr 2(S0 4 ) 3  3

H2S04 5 CuSO4  0.25, 0.5, 1.0 203 <0.4 (6)
H2SO4 5 CuSO 4  20 203 3 (6)
H2 S04  30 CUS4 4  0.25 100 2 (6)
H2SO4 30 CuSO4 0.5 100 4 (6)
H2SO4 30 CuSO4 1 100 0.8 (6)
H2SO4  30 CuS04 I0 100 16 (6)
H2S0 4  30 CuSO4  0.25 203 3 (6)
H2SO4  30 CUS04 0.5 203 30 (6)
H2S04 30 CuS04 1 203 30 (6)
H2SO4 30 -uSO4 10 203 24 (6)

H2SO4  13 FeSO4  2g/1(a) Boiling <5(b) (7)
H2S04  20 Fe+--, CU+-- 16g/1 Boiling <5(b) (7)
H so 17 r..504 7 to 8 140 <5 (7)2 24H2 SO4  30 CuS0 4  1 Boiling 12(c) (24)H2 SC) 4  30 CuSO4 1 Boi ling 62(d) (24)

HCI 5 ..-- 100 13 (6)
1C1 ¶ CuSo 4  0.05 100 1.6 (6)
HCI CuS04 U.5 100 3.5 (6)
HCI 5 Cu304 1 100 1.2 (6)
H14 ',1 CuSC.; 5 100 0.8 (6)
HCI 5 CuS04 0.05 200 3.5 (6)
1C0 5 CuSo4 0.5 200 2.4 ( 6)
HCI CuSO4  1 200 2.4 k6)
HW1 10 ...-- 100 40 (6)
HCý 10 CuSO4  0.5 100 0.8 (6)
HCI 10 CuSO4  1 100 0.4 (6)
HCI 10 C"SO4  3 100 0.4 (6)
HC1 10 CuS04 5 100 0.4 (6)
14C1 10 CUSU4 0.5 200 3.9 (6)
14I- 10 CuS0 4  1 20O 5 (6
HCI 10 CuS0 4  3 200 5 (6)
HCI 10 CuSo 4  5 200 5 ()

MCI 5 Cr0 3  0.5 100 0.4 (6)
MCI 5 Cr0 3  1 100 O.d (6)
HCI 5 Cr03  0.5 200 1.2 (6)
MCI 5 Cr03  1 200 1:.2 26
MCI 5 HN03 1 100 0.4

0CI 5 HNO 3  5 100 0.4
1C1 5 HN03 C) 100 0.4
MCI 5 HN0 3  I 200 4 •6)
MCI 5 HN03 5 200 4 (6?
HC1 5 HN03 10 200 a (6

MCI 10 v+-t impurities -- Rcom <5 7)
H IV , Cub o.o0 140 85(b)3 )
HCI 10 CU102 162/1 Boiling <5(b) (7)
HCI 120 CIUC1 0.2j/1 Room<5b)7

HC. 37 Cu- (.2g/1 Room < b) 7)

(a) Gram per liter.
(b) Greater than 50 mpy in pure acid.
(c) Specimen area 16.08 in.2 in About 000 ml solution.
(d) Specimen area 1.32 in. 2 in about 600 ml solution.

77- 
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and hexavalent chromium. Above 300 F, titanium is corrosion occurred in the vapor phase of the
the only metal or alloy found satisfactory. Ti- vessel where the applied current was ineffective.(35)

tanium is also used for valves in 500 F solutions
of 1.5 to 2 percent acid, 10 percent dissolved Stress-Corrosion Cracking
nickel sulfate, and up to 40 percent susp3nded
solids. Recent studies have shown that stress has a

detrimental effect on the corrosion resistance of
The resistance to pitting for titanium ex- a titanium alloy in sulfuric acid, as well as in "

posed to H2SO4 containing NaCI is described on hydrochloric acid.(37) Unalloyed titanium and
page 12. Ti-5Al were exposed under stress to sulfuric acid

of 7.3 to 70 percent concentration. In Ti-SAl,Titan4,um Alloy&. Most titanium alloys are brittle failure was promoted by small stress at !. . .

less resistant to sulfuric acid than unalloyed low corrosion rates. Ti-5Al was found to fail
titanium. The major exceptions are the titanium- brittlely with the formation of a large quantity

ncble metai a!]oys, which are considerablv mcre of cracks along its entire length, in 7.3, 12.9,
resistant tran unalloyed titanium.J6,7,L,4l) and 60 pert ent H2SO4 at stresses of up to 102,000
Table 13 gives corrosion rates for several alloys psi (76 peicent of the ultimate tensile strength).
in sulfuric acid. Dats for several Russian alloys Microscopic examination showed considerable amounts
are given I.n Table 11. of hydride precipitate, chiefly along the slip

planes, and partially in a direction perpendicular
Tables 14 and 15 given corrosion rates of to that of applied external stress. The stress

zirconium-titanium and zirconium-titanium-tantalum apparently promotes the penetration of hydrogen
alloys, respectively. In general, little improve- into the metal, to form hydrides and cause brittle
ment in Qorroston resistance of titanium to sul- failure. _ _ _ _

furic acid occur• u~ttl 50 percent or more zir-
conium is added.?29 The addition of 5 or 10 Hydrochloric Acid
percent tantalum to zirconium-titanium (1:1 ratio)
gives only slight improvemeamt in corrosion re- General Corrosion
sibtance. Tantalum alloys with up to 40 to 50 per-
:ent titanium additions show corrosion rates of Unalloyed Titanl. Titanium is severely
less than 5 apy in boiling 5, 30, or 60 percent atte'ked by HCI except at very low temperature
h2S04 .'L) For the alloy a0Ti-35Ta-l5Cb, the and low concentration. Concentrations much above
corrosion rates in boiling 30 and 60 percl)H 2SO04  5 percent !ttack titanium even at room temperature.
were 3 and 8 oils per year, respectively. At 150 F, corrosion rates increase rapidly above

a concentration of I percent, whereas in boiling
The benefit of additions of noble metals to solutions, even Ipercent HC1 rapidly (>100 mpy)

titanium in promoting resistance to H29 4 solutions attacks titaium.-T,2,22) The addition of certain
is shown in Tables 2, 11, 16, 17, 18, and 19. salts, however, does reduce the attack of HC1 on

titanl' (see Table 12). Similarly, the addition
of certain metal ions also reduces the attack of
HCl on titanium, as shown in Tables 23, 24, and

Tables 20 and 21 give reported corrosion 25. Figure 3 compares the effect of metal-ion
rates for titanium when coupled to a second metal cencentration on the change of the corrosion po-
in sulfuric acid. Only coupling of titanium to tential of titanium. Ngte that a concentration of
the noble metals (including iridium, platinum, copper of more than i0"4 moles per liter greatly
palladium, and rhodium) is found to reducv the increases the potential of titanium, thus lowering
corrosion of titahium to a satisfactory rate in its corrosion. Coppe- Ls known to be an effective
b4'lling 0.6 and 21 H204 (%" Table 217. inhibitor in HCI solutions.

In helium saturated 112804, coupling to TA In general, alloys of .
vanadlium reduced the attack on titanium from 3.3 titanium show the ewe or reduced resistance to
when uncoupled to 0.0 Wpy in 95 F, 0. 1 H2OA NCI, as shown in Table 13. However, several
and from 22 to 0.1 mpy in 95 F, 2N I12S04 .J noble-metal alloys of titanium, such as palladium,
Vanadium reduced the rate from 60 to 0.0 py in platium, and molybdenum, have considerable
aerated 95 F, = Mw804. corroslon of titanium resistance to MCI in rather severe conditions of
is nil in aeated 95 , 0.13 H2804 coupled or temperature Ad concentration (m Tables 2, 16, 17,
uncmepled. 19, and 26). TntUm NMIl a also increase the

H1 resistance of titantum..t' For instance,
Anodi PretationA binary Ti-251's alloy has a corrosion rate of

only 2 mil per year in boiling 3 percent acid.
Tatcnium a be protecteld g sitive) In boiling 20 percent acidt an allitin of 50 pea-

sulfuricfetid bv an n anodic (positive) cent tantalum or more is reqired for similar
potential.( (35 3671 See Table 22.) A potential resistance.
of 2.5 to 5 volta reduced the corrosion of titanium
from 100 to py in 40 percent 113804 at 140 V. However, sae TiTa alloys becwa bittle
Protecti•t. also maintained in 60 percent acid after Trphsure to HsCl.( l'Th arittulamnt
at 194 y.3i1 Hwever, care met be taken to was gratly alleviated by contct w mell areas
insure that the titanium is cmlletely covered of noble metals, or by addition of 0.2 to 0.5
by liquid so that the applied current am mach platifm to the alloy. An alloy Of 15 percent
all areas. In a titanium beat excimager for hot columbiumt 35 percent tantalum, eand 50 percent
sulfuric sold service in S ayon process, Severe tetJiuo alloy had a corrosion raite of about 5

Tor::
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TABLE 13. XRROSION RESISTANCE OF TITANIUM ALLOYS(28)

Corrosion, mils per year
9g F Air Agitation 95 F JU Agitation 190 F. No Agitation

H2SO4  HCi H2S0 4  HC1 H2SO4  HCl
Alloy 5% 3% 5% 5% 3% 5% 5% 1% 3%

Ti (75 BHN)(a) 56 0.07 -- 16 4.9 16 450 0.1 140
Ti (120 BHN) (b) 0.17 -- 20 5.2 8 250 3.3 140
Ti (180 BHN) 10 0.03 -- 18 5.1 10 570 0.2 200
Ti (200 BHN) 8 0.07 -- 31 6.4 11 560 0.1 220
Ti-aMn (annealed) 17 0.13 29 42 9 18 880 0.3 230
Ti-6AI-4V (annealed) 45 1.4 32 32 12 19 870 60 360
Ti-6A1-4V (aged) 27 4.1 27 30 8 16 850 49 380
Ti-5A1-2.SSn (annealed) 44 14 37 53 23 39 1230 83 590
Ti-8A1-2Cb-lTa 37 0.5 15 24 10 17 650 1.5 310

(annealed)
Ti-2.SAl-16V (solution 0.7 0.5 5 21 5.5 10 590 3.4 160

treated)
Ti-2.SAl-16V (aged) 24 0.2 14 38 9 18 660 3.7 211
Ti-lAl-8V-SFe (b) 0.06 -- 44 13 20 890 37 430

(annealed)
Ti-lA1-8V-5Fe (aged) (b) 0.3 -- 46 15 22 950 74 .. 450
Ti-3A1-2.SV (annealed) (b) 0.1 0.05 16 5 7.4 670 0.3 150

(a) EHIN = Brinell hardness number.
(b) Erratic.

TABLE 14. 0ORROSION RESISTANCE OF ZIRCOOIUM-TITANIUM ALLOYS IN SULFURIC ACID(29)

Corrosion Rate, oils ier vear(a)
Allo6F 104 F 212F

Zr TI 40% 75% 94% 5% 10% 20% 40% 60% 75% Vg 5% 10% 40% 75%

100 Nil Nil 590 Nil Nil Nil Nil Nil Nil Nil Nil 0.4 Nil Nil
95 5 Hil Nil 1200 Nil Nil Nil Nil Nil 0.5 Nil Nil 0.3 Nil 70
90 10 Nil 190 1100 Nil Nil Nil Nil - 55 Nil Nil 2.7 16 210
80 20 Nil 270 990 0.9 Nil 0.6 Nil 105 - Nil 1.1 2.3 45 -
70 30 Nil 230 460 0.9 Nil 0.6 Nil - -- 18 4 5 200 --
60 40 Nil 360 520 0.8 3 1.2 22 - -- 67 12 36 - --
50 50 4 700 600 1.3 1.9 1.3 60 410- 200 38 3R .. . -
40 60 13 650 410 2.3 20 0.7 60 260-- 350 27 110 .. ..
30 70 34 700 190 7 34 81 95 160 430 41 100 - -
20 80 35 810 155 7 35 78 440 134 - 920 35 350 . .

A 10 90 95 820 72 11 110 220 570 105 - 1400 51 70 - -- i5 95105780 6415 - -- 810 o 8 - 1160 280 830
- 100 126 730 61 12 15 490 950 54 - 2000 950 1070 - -

(0) Based on reported weight losses and estimated alloy densities.

TAILE 15. CORROSION RBSISTANG OF ZIR0ONIMU-TITANIII-TANTAIUl ALLOYS
IN wiFUaRIC ACID(29)

Corrosion Rat.. ails per yqqa.i,
Aly106 P - 14 1

SZr Ti To 59 10% 209 60% 4% 5X 10%40

60 50 - 1,3 1.9 1.3 700 200 38 38 415
47.5 47.5 5 0.6 0.6 1.1 170 130 11 - 890
45 45 10 0.5 1.0 1.0 -- 150 10 0.4 460
(a) Based on reported weight looses and estimated alloy densities.

TALEI 16. RPM OF PALLADIAI AVDITZON ON COMMOU 10N OF TITANIZUI IN ACID(6)

T ,Corrosioa "A•,. sitlP yveaTmpeatur, •HCl

material F5 10% 25 1 10

Titanium 100 32 40 s0 - - - --
Titanium 140 - - - 0.8 35 60 160
Ti 0 O.15Pd 140 0.6 0.8 795 Nil 0.1 0.2 2

L IP



It

TABLE 17, EFFECT OF VARIOUS ALLOY ADDITION$ ON
OORROSION RESISTANCE OF TITANIUM[ 3 1) TABLE 20. GALVANIC COUPLING OF TITANIUM TO VARIOUS CATH-

ODIC MATERIALS IN BOILING H2S04(32)

Weight Loss in 24 Hr(a) mil/vC /yr Corrosion Rate, mov

/Boilin H SO Boilina HC1 Area Ratio, Boiling Boiling
Composition 1% 3% 10% Ti to Boiling 3% H2SO4 + 5% H2 SO4 +

Couple Cathode 1% H2 S0 4  5% Na2 SO4  5% Na2 SO4
Titanium 460 3950 242 4500
Ti + 0.064% Pt <2 145 <2 128 Ti -- 450 580 930
Ti + 0.54% Ft <2 48 3 120 Ti-1B-8 1 0 --..

Ti + 0.08% Pd <2 166 3 100 2 3 ....
Ti + 0.44% Pd <2 45 <2 67 6.6 2 ..Ti-Has t 1 0 ..
Ti + 0.1% Rh <2 26 5 96 F 12 0.6 ..
Ti + 0.5% Rh 3 48 <2 55 Ti-C 0.2 0 0 1150
Ti 0.1% Ru 3 187 5 280 0.5 -- 0 --
Ti O.5% Ru <2 48 <2 113 1 -- 380 -

Ti + 0.11% Ir <2 359 3 120 Ti-Pt 0.25 -- 6.7
Ti - 0.60% Ir <2 45 3 88 1 ... . 21
Ti -r 0.10% Os 5 480 3 1820 2 .... 21 -i

4 .... 35Ti + 0.48% Os <2 82 3 208 35 .... 540
Ti+ 0.i1% Re 235 -- 345 --

Ti+ 0.36% Re 9 -- 30 --
Ti 0.11% Au 1050 -- 1500 --
Ti T 0.48% Au 3 -- 9 146
Ti 0.04% Ag 500 -- 334 -- TABLE 21. CORROSION RATES, MILS PER YEAR, OF TITANIUM• IN :..

Ti• 0.3.4% Ag .. .. .. 4850 BOILIK H S04 AND HC1 *N COUPLED TO VARIOUSTi + 0. 117 Cu 470 -- 340 -- ETALSk3Q:•i

T .4 u 6050Coupling 0.6m Coupling 2x Coupling = Mi
(a) The possible we ighing erro'r of these' tests is Metal H2S04 Metal H2SO4 Metal HC1

• 2 ml/yr. , iI

v 2300 Pd 1820 V 2000
Au 2100 Au 1790 Cu 1970

TABLE 18. EFFECT OF 02AND H2 ON CORROSION RESIST- 0j 2070 Cu 1790 Ag 1970
ANCF OF TITANIUM AND TITANIUM ALLOYS IN sb 1750 Fe 1670

PERCENT H2S0 4 (31) Fe 1620 Ag 1590 Pb 1340ROO TMPEATRE 0 ERCNTH2sn 1190
_1 1400 Rh 1270 Fe 1150
Co 1400 Pt 1110 In 990Weight Loss, Pb 1180 In 1100

Alloy Gas mUi/yr Pd 1150 Co 840
Sn 1020 Pb Wd0 B3 820

31 810 Cd 800Titanium 02 4 (a) Bi 960 Sn 000 Al 740
H2  29 cd 860 Ni 660

Ti + 0.37% Pt 02 <2(b) Zn 30 Ir 0
H2 <2 Hg 770 Au 110

<Rh 0 Pd PTi +- 0.44% Pd 02 <2 Pt 0 Rh 0
H2  <2 Is 0 Pt 0

(a) Passive during most of test. K' 0

(b) The possible weighing error of these tests is
*2 nil/yr.

TABU 19. OF•FE OF Pt AND Pd ALLOY ADDITIONS ON TH4
aWIOSION RISIMINE OF TITANIIUM N OXYGEN.
FRE K2104 AND MCI1 AT 190 C (374 F)(31)

cOaoition 1 % lo 3 O 3X ,,

Titaniva 515 - - - 2250 --
Ti + 0.03• Pt <2 <2 3.4 Dist - - -
TL0.2EUPt <2 <2 3.3 1.S <2 <2 ago
Ti + ,0-0 Pd <2 <2 3.5 DIs - - -
Ti +0.40 Pd <2 <2 5.0 12.0 (2 <2 10

(a) On"eeiod toots, 44 to 64hr durtion. The psei-
ble weighing emzr in these tests is *2 2Il/yM.
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TABLE 22. RESISTANCE OF TITANIUM TO REDUCING ACIDS WITH CONTINUOUS ANODIC
PASSIVATION(7)

Potential Corrosion Rate Factor by
Tempera- Versus H2  With Applied Which Rate

Acid ture, Scale, Potential, of Corrosion
"w/w percent F volts mpy is Reduced

V4 40% Sulphuric Acid 140 2.1 <5 11,000
40% Sulphuric Acid 194 1.4 <5 996
60% Sulphuric Acid 140 1.7 <5 662
60% Sulphuric Acid 194 3.0 <5 163
80% Sulphuric Acid 140 1.0 <50 140
37% Hydrochloric Acid, 140 1.7 <5 2,080

conc
60% Phosphoric Acid 140 2.7 <5 307
60% Phosphoric Acid 194 2.0 <50 100
50% Formic Acid BP 1.4 <5 70
25% Oxalic Acid 194 1.6 <5 1,000
25% Oxalic Acid BP 1.6 <50 350
20% Sulphamic Acid 194 0.7 <5 2,710

TABLE 23. CORROSION RATE OF TITANIVM IN 15% HC1
WITH Pt, Cu, AND Fe IONS(38)

Concentration Corrosion
Cations of Additive, Rate,

Solution Added af-ions/1 x 10-6 mov
TABLE 25. EFFECT OF FOUR-VALENT TITANIUM ON CORROSION

15% HCl None -- 18 RATES OF UNALLOYED TITANIUM IN VARIOUS
Fog: 40 19 SOLUTIONS(8)

50 22
80 0 Ti+4 Concen- Corrosion

CU2+ 5 19 tration,(a) Tempera- Rate,
10 25 Solution gras/liter ture mpy
20 30
30 24 15% H2S04 + 0.11 Boiling About 20
40 0 4% US0 4  0.44 0.9

pt4 0.5 42 0.66 Nil (positive
40.75 41 weight gain)
0.51 45 10% HCi 0.5 Boiling Spoc. dissolved
2 0 10% HCl 1.0 Nil (positive

weight gain)
15% HCI + .None - 226 20% HCl 2.868 poc. dissolved

0.8% NaF Pt4* 0.5 23,600 20% MCi 5.76 Nil (positive
15 24,700 weight gain)

50 1% HIi + 0 Boiling 2.9
5% HN3 0.03 0.4

TABLE 24. EFFECT OF METAL CATIONS AT 10"3k ON THE 0.43 Nil (positive
"(=RRDSION OF TITANIfJM IN BOILING 2M HCl(33) weight gain)

_________________________2__ NY 0 Rom 6020, , o I,50 1970
100 Nil (positive

Metal weight gain)

lIon 680 (a) A Tmi4 ion as such is not considered to exist in
Cobalt 1000 equeus slution.
Nickel 1500
Copper 1300
Slilver am0

Tin 92D

Rhodium Nil

Palladium Nil
Antimony Nil
Ildidum Nil

Platinum Nil
Gold Nil
Lead 840

•i• i•,• - , 7•_ ~ Al
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TABLE 26. CORROSION RESISTANCE OF TITANIUM ALLOYS IN HCI(21)

Corrosion in HC1. mils per year
Boilino 64 F

All oy 1% 3% 5% 15% 20% 25V 30% 35%

Titanium 410 1870 3400 70 200 480 740 1310
Ti-0.lPd 50 180 390 0.8 19 40 90 1210
Ti-2Pd 12 -- 40 Nil Nil 1.5 4 400
Ti-15Mo 50 180 500 Nil Nil 100 120 410
Ti-15Mo-O.•Pd 30 50 60 Nil Nil Nil 20 80
Ti-l•Mo-2Pd 9 -- 17 Nil Nil Nil Nil 1.5
Ti-15Cr 330 1530 2600 34 100 370 650 9)90
Ti-15Cr-O.lPd 30 70 110 3 4 20 26 180
Ti-15Cr-2Pd 6 -- 9 Nil Nil Nil 4 30
Ti-5Pd .. .. .. Nil Nil 1.5 15 800

4.36- cy4.32

4.26 Anodic Protection

424- Titanium can be protected ip HC1 solutions

420 -by suitable anodic currents.(7,36) For example,
anodic protection of titanium is possible in 37

4.16- percent HC1 at 140 F (see Table 22).
4 .12

Stress-Corrosion Crackino

+.04 Titanium has been known to be susceptible to

.00 stress-corrosion cracking in 10 percent HCl.
Failure was reported for Ti-SAl-2.SSn stressed toS04 - pRhSh90 percent of the proportional limit in 95 F acid,

-.01 N (see reference 39). Recent studies have shorwn
.- jt1 that a Ti-SAl alloy suffers brittle failure in 5,3

-1a and 10 percent HCl (as well as H2 S04 solutions),(37)
"PI Both VT-i (unalloyed titanium) and VT5 (Ti-SAl),

welded and unwelded, were exposed to HC1 solutions
0 at various stress levels. The time to failure was

Pj found to vary with the stress level, as shown in
q--28Pt Figu~re 4.

a.0

-O-•l AV

"-. -4 - 4 4 -1 O 1

Lo0 COISi1ITRATIO" ' MOLIAA,.
FIWRE 3. THE EFFECTS OF EI.IT MTALLC CATIONS ON

THE POTOMTAL OF A TITMUNDM IN
BOILING IN1 WDOOIIORIC ACI

ol. per year in boiling 20 percent HCI. Substitu-
tionof a tha 15percent oubufotet-0 40 0 90 00 W 10 0

lum caused a rapid increase in the rate of attack . pgik,, ,

.•l•[llG•Ji..•d•PIG=P 4. iW=q of STMWI ON T=l 1O FAIUE or,"

The •omosion of titanium In boiling 21 HCI MU DY0OITIIPX TID W IN LIl
coupled to various metals Is shown in Table OriI )

21. Only the noble metals •educe the attack •n I Ti-W In 5 percent HCh4
titanium to a z c*asonble level. Ti-WI in 10 peent HC13l Unalloye Ti in 10 percent MCI •-

4 elded TI-WA in 10 percent MI• i

Welded T1 in 10 permnt MCI.

, 4
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Brittle failure occurred in Ti-SAl and was The corrosion of several titanium alloys

promoted by small stresses and low speed of cor- with palladium, molybdenum, and carbon in hot
rosion. Cracks were formed on Ti-SAl in 5.3 per- 65 percent acid saturated with metal nitrates is
cent HCI at stresses as high as 102,000 psi (76 shown in Table 32.
percent of the ultimate tensile strength). Micro-
scopic examination showed a solid greyish blue hy- Stress-Corrosion Crackina
dride layer.

As noted above and in Reference 2, titanium
It is believed that stress on the Ti-SA1 alloy has low corrosion rates in both white and red

promoted the penetration into the metal during ex- fuming nitric acid.* However, titanium suffers
posure to HC1 solutions. The precipitation of severe stress-corrosion cracking and/or pyrophoric
titanium hydrides then occurred chiefly along the reaction in dry red fuming nitric acid. Water
slip planes and partically in the direction per- addition of 1.5 to 2 percent inhibits this reaction.
pendicular to the applied stress. Failure then The current military specification of 2.5 : 0.5
resulted In a brittle manner. Welded samples percent water in red fuming nitric acid is safe
failed more quickly. for use with titanium. The 0.6 percent addition

of HF added to inhibit attack of stainless steels
F•ield Tests and aluminum increases the corrosion attack of

fuming nitric acids on titanium.
Titanium nuts and bolts show good resistance

in a variety of hydrochloric acid fumes, as shown Phosphoric Acid
in Table 27.

Titanium shows behavior in phosphoric acid
Other Halooen Acids similar to its behavior in hydrochloric acid.

However, its passive range extends to about 30
Titanium is attacked very rapidly by hydro- percent H3 PO4 at room temperature.(1) Titanium

fluoric acid, even in low concentrations (see corrodes less than 1 mpy in 30 percent acid at
Reference 2). 95 F, 5 p rcent acid at 140 F, and 1 percent acid

at 212 F.r 2 ) At the boiling point, titanium is
No attack on titanium is reported in boiling rapidly attacked even in dilute acid (10 mpy in

10 percent hydriodic acid and little attack is 1 percent acid. 22)
indicated in various concentrations of hydrogen
bromide at high temperature.(l) Table 33 gives corrosion data for zirconium-

titanium alloys in phosphoric acid.

Titanium can be anodically protected in 60
General Corrosion percent acid at 140 F (see Table 22). Table 34

compares the corrosion resistance of titanium,
Titanium is quite resistant to nitric acid zirconium, and titanium-zirconium alloys at various

at all concentrations and up to the boiling point, applied potentials in H3P0 4 and HNt 3 mixtures.
Titanium heating coils are Vse0 commercially for
70 percent acid at boiling.(40) Under the heat- Mixed Acids
transfer conditions used here, titanium was more
resistant than many of the other metals tested Titanium shows good resistance to mixed
except zirconium. 4 ) (see Table 28). oxidizing acids. Table 35 presents data for mix-

The resistance of titanium to chemical at-

tack is believed to be related to the precipita- In a boiling solution (about 230 F) of 2M
tion of tetravalent titanium, Ti-4, o for a HCI-51 HN0 3 , titanium shows excellent resistance.(2)
protective TiO2 film on the surface.l 24 ,8) Thus, This solution is used in a nuclear fuel recovery
even in highly oxidizing boiling 70 percent nitric process known as "Darex" for dilute aqua regia.
&ac1, the corrosion rate of titanium decreases with Even with actively dissolving Typo 304 stainless
ti6. and with Increasing ratio of area of titanium steel, the corrosion rate of Ti-45A and Ti-6AI-4V
to volume of acid (see Table 29). is less than 0.2 spy.

The effect of temperature on the nitric acid In the "Zircexe process (for dissolution of
resistance of titanium is shown In Table 30. Note zirconium-clad fuel elements), titanium showed
that the corrosion smee to reach a minimum at a little attack in laboratory studies with boiling
temperature near A80 F. However, a considerable O.SM HN3 * 0.41 UG1 2 or 31 HU0O + 0.41 UC1 3 .(4)
variation In corrosion rates was notpd pith change Titanium is attacked In another step of the process;
In sample area to acid volume ratio,t22 as that of boiling azeotzopic (6.1K) hydrochlorli
previously discussed. acid. Bubbling of nitrogen dioxide through the

solution reduced the attack of titanium to a very
A titanium +0.15 percent palladium alloy is low rate in both the liquid and the vapor phase.

"reported to have about the sae corrosion re- Chlorine gas reduced the attack similarly, but
sistance as unalloyed titanium at the boiling, only in the vapor phase. Nitrous oxide, nitric
point in 2D, 50, and 65 percent nitric acid.%w oxide, and nitrosyl chloride give no Inhihition.(2)
The corrosion rates of titanium-airconium alloys
in 98 percent nitric acid at 212 F are shown in
Table 31. Alloys of titanium with 20 and 30 per-
cent mlybdeme have poor resistance to nitric * military Specifications
acLd.( 6 ) Corrosion rates of 150 to 500 mll per White fuming H3 - 97 percent Min iNN03, 0 to
year woulo be expected In boiling 15 and 60 per- 0.015 perc0ent 12, 2 percent max 14l *cent acid. .ed f•ming H3 -S to 0peROent H ,141

1 percet NO2, 2.5 &0.5 percent 50

- ...... '' i V• 1
In~
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TABLE 27. FIELD TESTING OF TITANIUM EQUIPMENT IN HYDRYCHLORIC ACID ATMOS-
PHERE(3)

Time in
Type of Service,

Equipment Titanium Environment months Remarks

Nuts and bolts on manhole Wrought HC1 fumes and 30 Excellent
cover on hydrochloric spillage
acid tank carNuts and bolts, muriatic A-70 HC1 fumes 40 Excellent

acid absorber system
Capscrews for securing Wrought HCl fumes and 15 Excellent

seal on muriatic acid spillage
loading pump

Bolts for securing seals Wrought HCI fumes and 36 Excellent
to muriatic acid load- spillage
ing pump

TABLE 28. VAPOR-LIQUID CORROSION OF VARIOUS ALLOYS IN 65% HHO3 USING PRESSURIZED INTERFACE HEAT TRANSFER UNIT(41)

Heat Flux(e) Cooling(e)
Heat Flux Immersion 1/2 Imorsion _.12Immersin Control Immruign otlVao

Gauge Teapers- Tempera- Tampers- Teamper*- Tempera-
Metal Press tuie.C M W ture. C MPY ture. C on ture. C M1P tfre. C WY

321 SS 4.5 138 107 140 142 122 21 127 23 126 23
304 SS 15.0(:) 160 3,400 170 3,350 143 569 151 2,370 - 303
309 SS 15.0() 162 1O0 176 106 142 34 149 64 - 25
31088 8.5 147 33 146 47 126 11 135 14 133 13
Inconel 6.0(b) 152 9,600 153 10,700 126 76 135 16,100 131 1,100
multimet 6.5 142 36 143 42 124 17 129 17 127 23Haynes Alloy 25 15.0 156 149 160 115 132 67 141 72 136 86
Hastelloy Alloy C 7 .5(a) 166 4,500 147 2,400 129 $63 135 2,400 li 406
Titanium 30.0(0) 201 2 225 2 170 15 161 2 174Zirconium 30:0(d) 171 <1(f) 179 <1(f) 142 <1(f) 155 <i(f) 147 a f)

a) stimated p~ressuret.

Sb) 18 hour exposure.
e) 46 hour exposure.
( 72 hour exposure.
a) T ratuf reported Is for 11iqud phase area of speciase, vapor phase tempeatures no 2 to 10 C hotter.f)Actually <0.1 spy.

TAME 29. VARIATMON OF OiWSICN OF UNALLOSTITANIW IN SOlLIM 70 % WINh U_-
PlDABUA AND LUI O1F-h 8,24)

8uple Ame to IlpomiN
Solution Volume, Period, C•rosion Rate.

O Lin./lIte•r ahrlshr1

065 wid5 Cl46

3404

2D 0.5
340 Al

~7

;,w
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TABLE 30. CORROSION RATES OF TITANIUM IN NITRIC ACID AT HIGHER TEMPERATURE(6,22)

Corrosion Rate, mil/yr, at IndicatedTemperatureConcentration, percent i

F 5 10 20 30 40 50 60 70 98 Reference

95 0.06 0.2 0.4 0.2 .. .. .. .. 0.08 (6)
212 0.6 1.4 1.4 0.2 -- 0.2 -- 0.8 -- (6)

Boiling .. . 5 8 15 30 23 14 -- (22)
(212 to 250 F)

374 .. .. .. 80 110 110 50 15 -- (22)
392 .. .. . .-- 26 -- -- -- (6)
482 -- <1 <1 <1 <1 <1 <11 -- (22)
554 ,. 14 45-- , . . . 45 -- (6)

TABLE 31. CORROSION RESISTANCE OF ZIRCONIUM- TABLE 32. CORROSION OF TITANIUM ALLOYS IN
TITANIUM ALLOYS IN 98 PERCENT SOLUTIONS 65 PERCENT HN03 AT 310 F, SATURATED
OF NITRIC ACID AT 212 F(29) IN METAL NITRATES( 3

Alloy Composition. oercent Corrosion Rate, Aloy Content. percent Corrosion Rate,
Zr TirPd C Mo MPy

100 -- Nil -- Nil
95 5 Nil 0.22 - -- Nil
90 10 Nil 0.19 0.015 11.90 0.03
80 20 4.5 0.20 0.014 19.89 3
70 30 12 - 1.90 - 0.6
60 40 12_4 12 -- 1.07 22.66 24
50 60 90 -1 1.45 -- 0.3
30 70 9. 0.20 1.19 0.3
D30 7o 0 0.21 1.29 - 0.4

20 0.15 1.30 19.69 14
10 90 0.17 1.19 20.96 6
5 95 0.8 =,, ,

-- 100 0.8

ABLE 33. ORROSION RESISTANC OF ZIRCNIrUM-TITN4AIM ALLOYS IN POPORIC AC1D(29)

i!•...+• ~Corrosion Rate. Imile nor Wl•

Alloy F 104 F 212

Zr T1 20% 40% 0% 8% 20% 40% 6% 80% 20% 4A%

100 - Nil Nil Nil 1.6 Nil 0.3 16 21 Nil 1.1
95 5 Nil Nil 0.5 4 Nil 1.1 22 16 Nil 2.7
90 10 Nil Nil 1.1 2.2 Nil 1.1 8 22 11 110
60 20 Nil 1.1 2.8 9 0.5 11 11 51 23 110
70 30 Nil 1.8 4 12 1.2 18 29 62 60 10
60 40 0.4 3.6 6 12 4 36 43 90 43 360
50 50 1.9 4 6 13 f- 50 50 95 13 570
40 60 2.0 7 7 13 7 47 47 M0 20 930
30 70 l.A 5 7 10 14 40 41 75 70 90 .
20 60 1.4 3.5 7 11 14 49 49 65 210 990
10 90 1.5 2.2 2.9 4 7 37 22 37 510 1030
- 100 0.7 2.3 2.3 3 3.8 31 23 46 610 1300

(a) Use~d on "eported weight lobs*ta ww estimated alloy densities.

TANA 34. CO GI$ON mIrTANCK OF TITANISZUICONM MW ZVIAO II-
TITAT A = r INs JWO IC NM O NmI c RCAM IXW Ms AT

I~ 11ulf Igto w l I"II

Mj3'0 4 , .110j, Pot ,etial
=ercent pcent IHv Zl TI Alloy

as - -0.2 ,1.00 W
so 0.25 '0.1 79 1100
w 0.5 '0.4 0 250 110 =
0 5.0 '0.7 gain 0 pin

lop+
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ments are described in Tables 2, 38, 39, and 40.

TABLE 35. CWRROSION OF TITANIUM IN MIXTURES OF Titanium is presently being ysed for wet chlorine
NITRIC AND SULFURIC ACIDS(6) heat exchangers and coolers.k8,51

Concentration, Titanium is reported to be susceptible to
Percent Corrosion. mov crevice attack Ynder some conditions in moist

HN03 H.'SO 95 F 150 F chlorine. 50952) Crevice corrosion was found
under Teflon tape in a chlorine duct at 190 F. A

100 0 0.3 0.1 blue corrosion product believed to be Ti 2O3 was
90 10 0.3 0.5 found, which subsequently turned white when exposed90 10 0.3 0:5 to air. The mechanism is believed to be a slow20 80 10 80 dehydration below the critical moisture levelr in

10 90 10 10 stagnant crevices having a large metal to gas ratio.
5 95 3 10 The reaction rate then increases due to the ac-cumulation of acidic hygroscopic corrosion pro-0 100 230 400 ducts.(53)

'1~

A comparison of several metals and alloys
in various fuel-processing systems is shown in In general, the reactivity of titanium with
Table 36. hydrogen follows the same pattern as that observed

for titanium with such other reactive gases as
Titanium has also been examined for use in oxygen and nitrogen. Under certain conditions,

the Zirflex process for zirconium dissolution.j44) all three of these gases can react with and serious-
Solutions of 1M nitric acid with additions of ly embrittle titanium and its alloys. The degree
I1 HF, IM HF * IM Cr, IM HF * 0.3M Cr, 0.IM HF + of reaction with these gases is a function of
IN Cr, or 1.84 + 0.521 Cr were studied. Even the time, temperature, and pressure.
least corrosive solution (listed in descending
corrosiveness) attacked titanium at a rate of more A discussion of the effects of hydrogen on
than 1 inch per year. However, with the addition the properties of titanium and its alloys is beyond
of zirconium, in an amount 1/3 to 1/2 that of the the scope of this memorandum. Nonetheless, it can
fluoride, the corrosion rate of titaniug cpuld be be stated that, in general, the absorption by
reduced to the order of 1 mil per year.!44) titanium of hydrogen in mounts above about 90 to

150 ppm can result in hydride precipitation, m-
Effect of Radiation brittlement, and subsequent failure under stress.

Certain alloying additions, including aluminum and
In-pile exposure of titanium has been re- such beta stabilizers as vanadium and molybdenis,

ported in several environments. In general, the Increase the tolerance of titanium for hydrogen
corrosion of titanium increases with an Increase considerably. The Ti-6A1-4V alloy, for example,
in radiation flux. In the case of hydrochloric is quite resistant to hydrogen embrittlement and
acid, howevr, exposure to alpha activity results loss of ductility rarely occurs with less than 300
in lowered corrosion rates because of production ppm hydrogen.
of hydrogen peroxite $n the liquid phase and 03
in the vapor phase' 45 ) (see Table 37). The high reactivity of titanium with gaseous

hydrogen at moderate-to-high temperatures has been
In-pile studies were perforined using known ad accepted fer some time. At the other

solutions containing 0.40 N•23 4 (about 4 percent) tpoereture extreme, titanium has been found to be
+ 0.171 U02904 + 0.15M (OlD4 . Corrosion of Ti-55A completely passive in liquid hydrogen. The
"varied from 0.7 mpy at a flux of 4.3 watts/8l to tsqsrature regime of reactivity which is of
1.5 apy at 16.9 witse/kl. Ti-6A1-4V corroded at greatest concern is that which extends from rom
about bde# the rate of Ti-WA at similar power tomperature to about NO F hem the behavior of
-densities.6) In similar studies, the corrosion titanium and its alioys has been erratic.
rate of Ti-%-2.58n was reported as 1.4 mi at
'20 wetts.m al.') In brief, a review of the available lMIC

data shows that the reactivity of titanium aid its
High radiation fluxes wer found to increase alloys with hydrogen an be broken domm roughly

the rate of oxide-fila fosmetion on titanium into three temperature regimes which a defined
speciaens.04 5) The studies oer perfovted in 10 as follows$
percent 02-argon atmosphere at 66 1 1 oshr
pressurme at a radiation of 90 x '0o rod C cobelt Tmreutnr flames. F Etmi af Rvdaamn Imaetity

O, game) end neutron flux of 1012 A/M2. -42 to -00 No evidence of reaction

maTm 1 a s 70 to 000 Erratic behavort reactions
soatimes observed with sub-
sequent poperty degradation

Titanium is rapidly and almost explosively W40 and above lapid reaction end subsequent
attacked in dryr chlorin Veet even at loss of rimiity.
temperatunt . In the presence of soisture a l0.03l Table 41 summlizes the time, tmerature, and
rcStent to nhliinM S almost leel" ps wesse data on which the above sumsy tabulation

rusietmit to as loh is I0 ical water Is based. fame details from the studies which hew
content my be as low as 50 pp.ben concted in the lw tpetu ng of
of titanium to various chlovine-containgtq environ- intebest a discussed In the paerage phs whicIh

follow.

"Maw . . . . . .
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TABLE 40. -FIELD TESTINM OF TITANI-•' EQUIPMENT IN CHLORINE ENVIRONMENTS(3)

Time in
Type of Service,

Equipment Titanium Envircnment months Remarks

2 inch gate valve Cest 17% HOCI 36 Excellent
1 inch cooling coil A-55 HOM1 neutralizer tank 36 Excellent, replaces

:. - silver

2 inch Y valve Wrought 45% H2 SO4 saturated with C12 30 Excellent
3/4 inch butterfly .-alve A-70 Wet C12 gas, 185 F 36 Excellent

shafts
Spray drier atomizer wheel Wrought 18% Ca (OC1) 2 solution 60 Excellent, replaces

Hastelloy C
1 inch diaphragm valve Cast Chlerinated NaCI brine 36 Excellent
-1/4 inch steam tracer tubing Wrought HC1 and C12 fumes 30 Excellent
Heat exchanger-"' Wrought C1O2 and steam at 212 F 14 Excellent
Chlorine contact cooler Wrought Chlorinated hot water, hot, 48 Excellent

sparger pipes wet C1l gas
Pump impeller Cast Depleted NaCl brine saturated 24 Excellent
Pump -- with C12
Fump Cast Nearly saturated NaCi brine, 12 Excellent

contsining 100 to 150 ppm C12
Sparger pipe and distributor A-70 Depleted NaC1 brine, C12 0,008 30 Excellent

bolts gpl
1/4 inch straps on sparger A-70 Depleted NaCI brine, C12 0.008 30 Excellent

pipes gpl
Levol-trol .Wrought Depleted NaCl brine, wet C12  36 Excellenti vapors
1-0 -Anch orif ice A-70 Acpd Nor1 brine, C12 0.4 gpl 48 Excellent

3 inch orifice A-70 NaOH 7%, NaOCl 25 gpl, 100 F .24 Excellent
Thermowell A-55 NaC1 275 gpl, C12 0.2 •o 0.5 gpl 48 Excellent
-Thermowels (2) A-55 KC1 300 to 320 gpl, C12 100 to 36 ExcellentS.... i•O ppm

Thermowll- Wrought MaOH 7%, NaOC'-2l , 100 F 9 Excellent
Diaphragm cell top liner Sheet Wet CL2 gas and NaCl brine, 15 Failed at welds

"-~ 200 F
Stud bolts - A-70 Chlorine plant atmosphere 42 Excellent

"Thermowell Wrought Wet C12 gas 51 Excellent
18 inch butterfly valve Wrought Wet C12 gas 1i Excellent

S- -_- 1 inch diameter shaft for Wrought Acid chl -ine contaminated air 5I Excellent

.10 inch butterfly valvc
Thermowells'(6) Wrought Wet Cl2 gas at 82 F 12 Excellent
Butterfly valve stem W-ought Wet Cl2 gas 9 Apparently okay
T'her~o**1s (7) Wrought C12 gas and C1 saturated 9 Excellent

H•at 200
Packing support grid and Wrought Alkaline NaOCl 36 Excellent

sparger tube
Puiap shaft sleeve Wrought Chlorinated NaCl brine I Failed by pitting

under rubber
61"Ve

Heat exchangers, 1220 Wrought Sodium chlorat4 cell liquor, 6 Excellent
sq ft (21, 110 F

Heat exchanger, 15 sq ft Wrought Sodium chlorate cell liquor, 9 Excellent
70 to 100 F

I. II II I L I

•X.....• •.............................
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TABLE 41. SELECTED DATA ILLUSTRATING THE REACTIVITY OF TITANIUM AND TITANIUM ALLOYS WITH HYDROGEN

Temperature, Refer-
Material F Pressure Time Remarks ence

Unalloyed Ti 75 1 atm -- H2 absorbed (54)
75 52,000 psi 60 days No embrittlement observed (55)

75 to 140 300 psi 5 to 250 hr Surface hydride hvormed; (56)

900 1 atm 10 min RT embrittlement observed 1

Ti-5A1-2,5Sn -423 -- 1/2 to 5 hr No effect on RT tensile or (58)
fatigue properties

-423 -- 100 hr No effect in RT creep (59)
4 t60 aNpropen erbi t
400 to 600 1 atm 4 hr No RT bend embrittlement (57)
800 to 2400 2 atm 4 hr RT bend embrittlemdnt (57)

212 2 atn 8 months No H2 absorbed, stressed or (60)
unstressed

450 2 atm 4 months Unstressed - no H2 abcorbed (60)
Stressed - H2 absorbed

840 2 atm 1 month 2 absorbed, stressec and (60)
unstressed

TI-5AI-2.5Sn (ELI) -423 to -300 0 to 300 psia 918 hr No H2 absorbed (56)
-423 to 70 0 to 300 psia 556 hr No H2 absorbed (56)
70 to 140 300 psi 5 to 250 hr Surface hydride formed; (56)

err'atic behablor r

400 to 800 1 to 15 psia b to 100 hr Erratic H2 absorption (61,62)

Ti-6A1-4V -423 - 1/2 to 5 hr No effect on RT tensile or (58)
fatigue properties

Ti-4Al-4Mn 212 2 atm 8 months H2 absorbed, stressed and (60)
unstressed

450 2 ali 4 months H2 absorbed, stressed and (60)
unstressed

840 2 atm 1 month H2 absorbed, stressed and (60)
"unstressed

Ti-eUn 75 52,000 psi 60 days No embrittlemernt observed (55)

Crvoaenic Temeraturts Also, several othpr investigators have per-

formed various mechanicol property tests on ti-
To the knowledge of IWIC, no evidence exists tanium alloys after exposure to liqu!.d hydrogen

which indicates any reactivity of titanium or its which indicated the compe• tift of these materials.
alloys with liquid hydrogen. Liquid hydrogen Is, Specifically, Favos, et al, showed that neither
for the most part, noncoerosive, and alloys such the yield strength nor fatigue limlts of the Ti-Sl-
as Ti-SAI-2.SSn have found successful application 2.WSn or Ti-6A- alloys wme siguificantly affected
as containers for liquid hydrogen in a number of af ter continuous exposure of from 1/2 to 5 hours In
aerospace applications. PO example, ass &pert of liquid hydrogen. Also, creep tests performed on
one such vendor qualification progra, h n the TI-WI-2.SSn olloy, stressed to 85 to 90 percent
analyses and bend tests were performed on tjWo of Its roomtemperature yield streng.h for expwosu
TI-54-2.8n ELI a1loy tanks which received ex- times to 100 hours in liquid-hydrogn, failed
posures to liquid hydrogen and %=percrit4 show any evident: of -aqrttlement by hd
gaseous hydrogen for times to 918 hours 00) Table
42 lists the exposure conditions and the envirca-
mentally Induced stresses on these taks, ad
Table 43 shmw the results of h'dogon analyses As iLatcst"d in Table 4;, the reactivity of
puefomed on sples from both tnks. It was noted titanim end its alloys with hidragen in this
that, while the welds contained slightly am temperature range has been extremely erratic,
hydrogen than the tank halves, all hydrogen values especially at ambiat teqmpteabrs. Th.e faetovswaswe ell une the 200-pls sa•im allowed by whith qppe to promloters aflnl,• at these tespets- •

specifications for this material, end tests wse tares Include a clea surface, staSr* hish-purity A
also performed on samples cut fr these two tnks gas, the poesence of bete-.a0se in the aolloy,
and tested to examine h Ilnner tank surface aticula imicrostructure, and, of oursoe, increased
ductility. The results showed all sales met temperatre and pressure.
the minimau smified OT bend and did not "otheu-
wise Indicate m1b•ittlmentV1.

11" .* Ak A• Y ~7
- -'. - ,'
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TABLE 42. HYDROGEN EXPOSURE OF Ti-5A1-2.5Sn (ELI) TABLE 43. GAS AL¥SIS OF EXPOSED Ti-5AI-2.5Sn ELI
ALLOY DURING QUALIFICATION TESTS(56) TANKS S O)

Hydrogen Content,~Tank A Tank B •Tan A TanBIdentification PPM

Age 150 hr at -423 to 150 hr at -423 to Tank A (918 hr)
-300 F, 300 psia -300 F, 300 psia st half 60(918_

Servicing 150 hr at -423 to 100 hr at -423 to 2nd half 64
-300 F, 0 to 70 F, 14.7 psia Weld bead 84
300 psia

Vibration 150 hr at -423 to 100 hr at -423 to Tank B (556 hr)
-300 F, 0 to -300 F, 0 to 300 1sthaif 58

Oper 300 psia psia 2nd half 58

Operation 468 hr at -423 to 206 hr at -423 to 2nd half 66 J
Weld bead 92

-300 F, 210 to -300 F, 210 to
300 psia 300 psia Ru m2 a

Total 918 hr 556 hr Requirement 200 max

Previous work has shown that titanium will much hydrogen when heat treated to produce a coarse
react with gaseous hydrogen at ambient temperature acicular structure. Much of the hydrogen was pre-
under certain conditions. Gibb and Kruschwitz sent as surface hydrides in all cases.
found that titanium reacted rapidly with hydrogen
at 70 F If h 7purity gas was In contact with In the period of July, 1962, to July, 1963,
clean e In this work, iodide titanium General Dynamics/Convair (formerly Astronautics)
was precleaned by heating in vacuum at 1830 F to undertook a study to select and evaluate optimum
adsorb any surface films. These authors also re- materials for application in liquid hydrogen-liquid
ported that traces of oxygen or nitrogen, and oxygen fuelod, recoverable aerospace vehicles. A
possibly other gases, in the hydrogen greatly re- part of this study was concerned with a determina-
tarded the reaction rate. Similar conclusions tion of the effects of hydrogen exposures at ele-
were reported by Stout and Gibbons in their studies vated temperatures on the mechanical properties of
of the use of titanium as a getter.'.63) In their the Ti-5Al-2.bSn ELI alloy. The results of this
work, also, it was found that a small layer of sur- study are detailed in Reference 61 and are summarized
face oxide effectively blocked the reaction. Stout in the conclusions to that study which are quoted
and Gibbons precleaned their materiai by annealing as follows$
in vacuum at 2100 F. Both of these studies in-
volved hydrogen pressure of less than 1 atmosphere. "Long-time (100-hour) thermal exposures at

400, 600, and 800 F in various pressure of hydrogen
Later work by Hughes and Lambrn.64) showed gas resulted In significant decreases in notched

that hydrogen contamination does not occur when tensile strength ard crack-propagation properties
titanium is exposed to moisture below aboit 1100 F. at -423 P. However, a more severe exposure occurred
This was attributed either to suppression of the as a result of applying a mechanical load during
breakdown of water by titanium below this tempera- thermal exposures at 600 F in various pressures
ture or to the formation of a protective oxide, of hydrogen gas. The application of the load
or Uxygen-rich surface layer, at low tompfrature. caused failure In nearly half of the notched tensile
The latter P xplehation is favored by the obsarva- specimens during exposure. The poor creep-rupture
tion that an oxide scale or oxygen-rich sufe life during 600 F exposure and the dtrease in
layer retards hydrogen pickup by tltanium.A0  toughness reaulting from these exposures is believed

to be due to hydrogen absorption. Microstructural
Alloy cemposition effects the reaction be- studies substantiated this deficiency by showing

tween titanium and hydrogen, as would be anticipated, the formation of large numbers of titanium hydride
in view of the pogter solubility and diffusion rate platelet*. The decrease in toughness and the poor
of hydrogen in bet. titarim than in alpha titanium, creep-rupture life caused by exposure to hydrogen
Savage found significant inaction at 210 F between gas is felt to be a serious problem. For this
Ti-4A1-4Mn alloy and hydrogen a-t 2-atm soure reason It is recommended that additional studies be
but little reaction with tI-SI-2-2. . No performed to more accurately define the effects of
special tochniqves were used in this study to clean hydrogen exposures on the Ti-SAM-2.BSn ELI alloy
either the alloys or the gas. Stresseso sales ap- before it is used structurally in an elevated-
poased to react am rapidly than unstressed te,.erature hydrogen environment."
esample. In a study of acid piklig of titanium,

eminsey, Stern, and Perkins, found that n- The above experiences weoe later rechecked(62
allayed titanium formed surface hydrides which were with additional, 75 and -423 F tests on sheets of
reasonably stable at 70 F. Small 'munts of beta the Ti-5Al-2.Sfn ELI alloy. A ttoal of more than
in alpha titanium tended Ito .• Increased ab- 00 specimens wre exposed under conditions where

Ssorption of the hydrogen in the metal. This was temperatures rubgd from 20 to 000 F1 applied loads
particularly notlceable when the material was heat ranged from 0 to 50,000 psi; gas pressures ranged
treatied so as to produce an acicular structure. from I to 15 psig of hydrogen, hydrogen-heliui,
For ex*mWle, a Ti-Fe alloy containi•g only 2 per- and hydrogen-helium-watee vapor mixturesl end times
cent retained beta absor•ed twice as muc hygn ged from 5 to 64 hours. The **It specliens
as unalloyed tion , when heat tretea to giw In included tensile, notched tensile, and fusion-weld
eWLqaxed elpha struciture, and over three times as tensile specimenes whIh were tested at 75 and -423 F
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after exposure. Three heats of the Ti-5A1-2.SSn in welds which had been contaminated during welding. F'ELI alloy in four gages (0.006, 0.013, 0.017, and This reaction also tended to occur more readily0.032 inch) were evaluated. The hydrogen gas used with the unalloyed titanium than with the Ti-SAl-
contained 1.5 percent nitrogen, 0.13 percent oxygen, 2.5Sn ELI alloy.
8 ppm water, and the balance hydrogen. The results
of this later study are quoted in summary as In view of these experiences, it is recom-followss mended that the use of titanium in contact with

pressurized hydrogen gas at ambient temperatures
"The most significant result of this investi- be examined quite carefully.

gation is that there was little or no effect of the
hydrogen exposures on the mechanical properties of Permeability
the Ti-SAl-2.5Sn ELI alloy. This is true regardlessof heat number, sheet thickness, or exposure condi- The permeability of.titanium to hydrogen hastion (i.e., temperature from 200 to 800 F, applied been estimated at elevated temperature,(67) (seeloads trom 0 to o0,000 psi, exposure times from 5 Table 44). At temperatures of 500 to 800 F, theto 64 hours, gas pressures from 1.0 to 15.0 psig, absorption of hydrogen can become appreciable andand various gas exposures including pure hydrogen embrittlement would normally be expected. Theseand hydrogen-helium or hydrogen-helium-water-vapor numbers are only estimates, since the actual dif-mixtures). In the previous study (Reference 61), fusion of hydrogen into the metal is dependent onthere were significant decreases in strength the permeability of the surface films as well as
properties as a result of hydrogen exposures at a number of other factors noted in the precedingelevated temperatures (at 400, 600, and 800 F). section of this memorandum.
For example, notched tensile strengths at -423 F
decreased from 10 to 20 percent, depending upon TABLE 44. CALCULATED PERIMEATION INTO A VACJUM OFexposure conditions, as a result of the hydrogen 0.040-INOI-THICK METAL TO HYDROGEN ATexposures. In this investigation the largest ONE ATMOSPHERE(67)
effects ranged from a 6 percent increase (in room
temperature tensile strength) to a 5 percent de-
crease (in notched tensile strength at 423 F after Tempera- Permeabilityan 800 F exposure). These differences are very ture, Constant, Hydroqen Loss
nearly within the margin of testing error (based Material F P(2) J, cc/ mi2 -sec
on an average obtained from three replicate speci-
mens). It is therefore concluded that there was Palladium 800 8.4 x 10-3 6.3 x 10-1little or no effect of hydrogen exposures on the Titanium 800 - 2.3 x 10-2mechanical properties of the Ti-SAl-2.WSn ELI Iron 800 1.8 x 10-6 1.4 x 10-4sheet material." Nickel 800 1.0 x 10-6 7.6 x 10-5

Copper 800 1.6 x 10-8 1.2 x 10-6These results were obviously not consistent Aluminum 800 1.0 x 10-9 7.6 x 10-8with thoe •of the previous program described Titanium 500 6 6.0 x 10-5earlier.tl ) Because of these inconsistencies, Titanium 100 - 4.5 x 10-12
the more recent study(62) concluded with the sug-
gestion that additional test data be obtained to Notes Based on the procedure outlined in Jost,W)substantiate or negate the data that wore obtained, the extrapolated data for the diffusion co-

efficient from Albrecht and Mallett,(69) andIn the opinion of DIIC, it appears possible the hydrogen solubility reported in TML (now
that the differences in results from these too DIIC) Report 100, 70) the hydrogen permeation
programs may be due to differences in the purity through titanium can be calculated. Thus,
of the hydrogen gas used. Unfortunately, no the MlaM permeation of hydrogen through
analyses were reported for the gas used In the alpha titanium would be
Initial work, although mple evidence was to-
ported that the hydrogen had, under certain 4.5 x 10-12 cc H',2-sgc at 100 F
exposure conditions, reated with the titanium 6 x 10-4 cc %(l e-sec at 50 F
alloy. On the other hand, the hydrogen osed In 2.3 x 10-2 cc-H2/cm2-sec at 800 F.
the follow-up work was relatively Impure end, in
fact, may have contained sufficient impurities
to completely suppress reaction with the titanium
alloy. At any rate, these experiences point up
the need for Special precautions in both scuring Titanium Is rpg;#fant to hydrogen Sulfidea source of high-purity hydrogen and maintaining and sulfur dioxide.I,' orsion rates of less
a clean metal surface in order to quantitatively than S opy ar rsported.(l )In a recent applica-assess the extent of titluA•dvog reactions ton, a tltanium cooling tower was constructed forSt low pressures and temperatures. clewning d €ling sulfu dioxide and sulfuo

Along • s•imlar lines,, lC has also reteiveda report of sporadic surface hydride formation Titani•m panels exposed above a Naval Station
and o0Gasional embrittlement in tubing of unalloyed boiler stack showed no attack at 572 F In a mix"e.(Grade MO) asd the TI-SA1-2,%n ILI alloy expsed of hydrogen, carbon Lmonoide, and carbon dioxine,)
to gaseous hydrogen at temperatures to 10 7 and"ipreessmes to •00 psit for times of 5 to 20 bhous.(56) Titantim Is considered resistant to eeia
Namer the hydriding reaction appeared to occur and finds us# in amonia still*s fr the Solvaymost rapidly in tre heat-affeted onwe of welds in sod* ash p S• s and ) mmnla synthesis oom-these tubing materWals and weS greatly accelerated pv'snoes.'W

.. ,. . .
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DESCALING TITANIUM TABLE 46. CORROSION OF SEVERAL RUSSIAN ALLQYS IN
METHYL AL()HOL-BROUINE SOLUTIONSk72)

A recent evaluation of de ca ing procedures
for titanium has beer, ;eported.k 7 l) Both acid Corrosion, mpy, for Bromine

solutions and fused alkali baths have been studied Content Indicated, percent

in an attempt to eliminate the use of hydrofluoric Alloyva) 1 2 3 4 5
acid solutions. The results are summarized in
Taible 45. The effectiveness of etching mill scale
f rom titanium in the acid etchants was found to be VTl (unalloyed grade) 180 290 480 650 810

dependent on the oxidation temperature. The scale VT5 (SAl) 130 220 320 410 530deedn nteoiaintmeau VT3 (4.TAI-2.5Cr) 70 140 210 280 360

that forms at 1470 to 1560 F is much denser and VT3 (47Al-2Cr) 7 0 140 10 0 36

no" chemically resistant to acid. It is difficult VT3-I (4.4ia-2Cr-imo) 65 120 140 190 --SIodide titanium 70 140 180 240 290

to detach the scale satisfacturily without over-
pickling the metal itself. The scale that forms Interaranular Attack, Tendency(b)
above 1830 F is removed easily in acid solutions.

TABLE 45. DESCALLN OF TITAk4IU(71) VTl 19 11 5 4 3

To~erpe- Metal Lost by (a) Iodide, VTl and VT5 are alpha alloys. VT3 and

Exposure, ture, Overpicling, VT3-1 are alpha-beta alloys.

M oediu- min F g/meter
2  (b) Increase in ohmic resistance divided by weight

1%H2S04+ 3% HaP 30 104 240 loss of the specimen.

1% MCI + 3% NsF 25 86 270 TABLE 47. EFFECT OF WATER ON CORROSION OF VT1
% HNO3 + 3% NoF 35 104 255 --

Fused LOH 15 806 12.7 UNAL.OYED TITANIUM IN METHYL AL(OH0L-2
Fused 80% NaQO + 20% Ha&W3 25 932 44.8 PERCENT BROMINE SOLUTIONS(72)

Water, percent

The alkali melts were found to satisfactorily 0 2.5 5 10 20 30

ickle titanium without excessive overpickling
mtal loss); Sodium hydroxide was especially Corrosion, mils gar veer
effective. A "finish" pickle consistirg of washing
in hot 15 percent H2804 is recoemeended. 290 250 210 80 50 Nil

CORROSION IN OGIAIC ( D S IntIraranula? Attack, tendency(&)

11 28 55 17 5 Nil

Titanium performs well in certain trouble- (a) Increase in ohmic resistance divided by weight

some, food processing areas, for example, pickels, loss of the specimen.
catsup; and other tomato prpducts, pineapple juice,
relishes, and onion soup. ku) Food also has less The attack of titanium in methyl alcohol-

tendency to stick to titanium than to other metals. bromine solutions Is electrochemical in nature.

Protection of titanium in water-free solutions
Methyl Alcohol Solutions can be accomplished by cathodic polarization to

about 0.350 volt.

Stress Corrosion Crackina(a)
Studies have 3hown that solutions of methyl

alcohol with additions of bromine are extzpmer y Titanium (as well as zirconium) has been

corrosive to titanium and titanium alloys. 7 2J found to suffer streso-currosion praeking in

Corrosion data are presented in Table 46. Severe methanol containing HCl or H2904.173) U-bend

intergranular attack of titanium was also observed specimens were esposed to various concentrations

In the dilute bromine solution. As a measure of of MCI or H2904 in methanol. Cracking of titanium

the susceptibility to, localized attack, a ltendency occurred within about an hour in methanol with

to inteogrenular attack was calculated as the in- 0.4 perent MCI, and in about a day with I percent

crease in ohmic resistance divided by the weight H2904. The cracking time decreased with increasing
loss of the specimen. As shcwn in Table 46, unal- concentration of MCI. A concentration as low as

loyed titanium has a high tendency to intergranular 0.005 percent caused cracking within 24 hours.

attack in I percent bomine. This tendency de- The rncking time decreased as the solution tempera-

cleases with higher bromine content$ as the cor- toe was raised.

rosion rate Increases.
The presence of water in the methanol - 0.4

The corrosion rate of titanium is subetanti- percent Mdl solution increases the time required

ally lowered by additions of meter to methyl for failure. With an addition of 1.5 percent

alcohol-bmine solutions. See Table 47. With the water, no failure of titanium was observed.

first additions of water-, the severity of Inter- (a) As this somnda went to presst preliminar
granular attack increases, and reaches a maximu ( d)te Ast m reoeived by teIC promss plAhizh

at 5 percent water. This tendency to localized
attack then deceases with further water additions T-h-w V alloy the sooutibnte to - ford of
and becomes nil at 30 percent water. tiets-A llomion cisuln tn reagent re odmo

methanol. Details of these euperienoes will be
esmrized in a forthoming ISIC technical note.

4,.7
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When the titanium U-bend specimens were an- plus steam at 475 F w, th velocity of 62 feet per

nealed at 930 F for 10 minutes or at 840 F for 1 second and to tall oil vapor with 75 to 80 percent
hour, no stress-porrosion cracking was found in the rosin at 510 F.
HC1 sulution .(73) Autoclave tests have shown that polyphenyls

Other Oroanic Chemicals used as heat-transfer media are corrosive at 700 F
to aluminum, zirconium, and their alloys, and

Titanium performs well in many organic slightly corrosive to mild steel and tantalum.
chemicals. See Reference 1 or 2 for further dis- Only stainless steels are unattacked, byt titanium,
cussion. Organic compounds which do attack ti- tungsten, and molybdenum do quite well.(77)
tanium are usually moderately strong reducing
agents, such as formic or oxalic acids. Titanium Many crganic compounds a e effectively ad-
is generally resistant to other organic acids sorbed on titanium surfaces. (f In this manner,
(see Table 48). many behave as corrosion inhibitors; for example,

m- an' p-nitroaniline, p-nitrophenol, 2,4 dini-
In formic acid, titanium has borderline tronhenol, nitrobenzene, and o-nitroanisole are

passivity in solutions of more than 10 percent described as effective inhibitors for titanium in
acid. If aeration is maintained, it may be re- 5N H2 S0 4 . Nitrobenzene, o-nitrotoluene, 1-
sistant to higher concentrations at temperatures nitrobuta':e, o-nitrochlorobenzene, p-nitrophenol,
above room temperature. Table 49 presents cor- and o-nitrophenol are effective inhibitors of
rosion data for some titanium alloys. The addition titanium in HC1. This protection is probably due
of 0.15 percent palladium to titanium decreases to a monolayer of the protective organic compound
its corrosion in boiling 50 percent formic acid adsorbed onto the titanium or outer TiO2 surface.
from >50 to <5 mils per year.7)

Titanium can be anodically protected in Limited studies, summarized in Table 10,
boiling deaerated 50 percent for0IicdacidL, 3 6 ) hndicated that the application of stress had no
(see Table 22). The anodic polarization of ti- effect on the corrosion behavior of the Ti-6AI-4V
tanium at high voltages up to 50 volts 1i described alloy in trichloroethylene, cosmoline, or a 4
in Reference 74. A form of localized attack de- percent soluble oil.( 15)
scribed as "'micropitting" is reported at concentra-
tions of 0.1 to 60 percent formic acid to 104 F at STRE3S-iUESION CAO(1IG IN NITROGEN TETEXIDE
potentials above 12 to 14 V. Uniform corrosion
occurs above 96.5 percent acid. A passive ares is
"reported at temperatures above 120 F. Recent experiences have shown that the Ti-

Titanium shows poor resistr.;e to oxaltc acid. 6A1-4V alloy is susceptible to stress-corrosion
Data on certain alloys are shown in Table 4•. he •cacking in some grades of nitrogen tetroxide,

PN20. previously, titanium and its alloys were
addition of 50 percent or more tantalum to titanium to be coatible with 1204. In the
reduces the attack of 1 percent boiling otalic acid aben o te titie sh almos no
from a very high rate to less then 5 ,- y.30) The ab~sence of strese, titanium shows almost no

corrosion in liquid or gaseous N204 in tests to
additior. of 8, 16, or 35 percent columbium to a 165 F. 78) Although Ltaium is Impact sensitive
50 percent titanium al!oy, remainder tantalum, gave at high impact levelsJ-711 no propgation of the
corrosion fa s of about 20 spy !n boiling 1 per- reaction is reported.

cent acid. 30 )

Anodic polarization of titanium is repo ted
in 25 percent oxalic acid at 194 F to boilingf7,36) Stress-Cor-alan (hckina Exeienem
(see Table 22). The first reported indication of stress-

corrosion failure cm in early 1965 when a pres-
Titanium is used commercially in several surized TI-6AI-4V (odlution-trested and ed) tank

applications involving organic chemicals. For filled with liqutDlYO42 ruptured at Bell Aw1 -
exmple, a titanium pmp ipeller has replaced systems Compny. Failures coe after 40 hours'
Hastelloy C in a solution of 3 percent ethylene exposure at 105 F and a stress level of 90,000"
chlorohydrin plus 6 percent IR plus slugs of psi. Microscopic eansination of the tank dis-
free chltripe at 140 F. No attack was found after closed a considerable ambe of cro:ks which
4 years.I 7 5) In the proaduction of acetaldehyde hd ftomed in allaeaes where the stress level was
from ethylene, titanium is used for piping, pmps, above 40,000 pt ,
valves, heat exchanges 1 and lines for vessels
up to 32 x 10 fnst.(52,) Titanium is al usedFvfor various equipment for urt synthesis.•u Following this discoveryo NASA Instituted

for arius euipent or rea yntesiswua program to investigate the failure. A literature
A titanium Impeller on a tank agitator hashor s and a test protgeu then tanks An tesst
good j inccioenpus iupons was undertaken. Over 20 aerospace compalies,

govezrisot agencies, research fime, and universi-
STitanium isresistant._ta. • steams in ties cooperated in this study which was coo• inted

tby The Dell Aerosystoes c&Vny for the NationalSthe poutooftell oi U~tIposur in Mmul; ix~ dms~~n

distillation, eolumbs, fractionating towes, and
rebolle*r vapor nozzles shews no change of titanium $am of the test results available td Idd-
specimens ofter up to M5W hours of testse Condi- arh of 1966, e sssniaed in Tables 90 and 5h
tions very from vapors of 93 percent tall oil s a umaz in Tbe 5 thefatt acds pus to pe~ontz~sa esd$ tOn the basis of these and other studies, the
fatty cids plus 4 to 5 perct rosin - aids at followin c lusio c be med
425 F to 90 to 93 percet.11noloio-oloc *acids olwr oauso mb oe

P4
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TABLE 48. CORROSION OF TITANIUM IN ORGANIC

Tempera-
Concentration, ture, Corrosion,

Organic Acid Type percent F mpy

Acetic Red. 5-99.5 Boiling 0 to 5
Citric Red.-Complex. 50 Boiling 5 to 50
Formic (aerated) Red. 10, 25, 50, 90 212 0 to 5
Formic Red. 25, 50, 90 Boiling >50

(nonaerated)
Oxalic (aerated) Red.-Complex. 0.5, 1.5, 10, 25 140 >50
Trichloroacetic - 100 212 >50
Tartaric Red.-Complex. 10-50 212 0 to 5
Stearic - 100 356 0 to5

TABLE 49. CORROSION OF TITANIUM ALLOYS IN FOMIC AND OXALIC ACID(28)

, rrosion. nmv
Xir9 F N2 Aoitatio o N ottto

92SF

Alloy Formic Oxalic Formic Oxalic Formic Oxalic

T i(75 BHN)() R(b) - R - R -
Ti (12D WN) ft 38 ft 52 ft 1160
Ti ,OI N) R 21 R 33 R 700
Ti (2o00 8) Rt 14 ft 33 ft 0oo
Ti-Sn ft 48 5 83 R 590

(anneeled)
T I-WI-4V Rt 42 5 43 164 150

(annealed)
Ti-6A1-4V Rt 26 5 62 164 980

("aed)
TlI-A-2.5%n Rt 57 t 43 Rt 1880

(annealed)
Tl-UI-2Cb-1T& R 54 Rt 62 Rt 1420

(aninmled)
TI-2.bAI-16V Rt 24 R 20 50 5w0

(solution
treated)

Ti-2.SAI-16V R 23 R 21 50 990

TI-IAI.V-SFe 3 22 a a 19 580
(anneled)

Tl-1AI4-V-Ve a 34 R 40 a 1040

TI-3A1-2.SV a 23 I 25 a 1030
(anrealed)

(a) M a kainell Hadness Number.
(b) A o ptlete xesistance.

i 'I
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TABLE 50. TESTS IN TANKS PRESSURIZED TO 250 PSIG, EQUIVALENT WALL STRESS OF
90,o00 psi(80)

Tempera-
ture,

Tanks Propellant F Time to Failure

(1) Ti.-6A1-4V Red(a) 1204 85 200 hours
(2) Ti-6A1-4V Red(a) N2O4 90 : 85 51 to 192 hours
(3) Ti-6A1-4V Red(a) Ný04 105 14 to 127 hours
(4) Ti-6A1-4V Redja! N204 160 6 to 12 hours
(5) Ti-6A1-4V 1 Redta) 1204 105 23 days

Teflon bladder
(6) Ti-6A1-4V Red(a) N204 105 None after 30 days

(shot peened)
(7) Ti-6A1-4V Green(b) N204 + 160 None after 30 days

1ND
(8) TI-6AI-4V Green(b) 11204 + -- None after 30 days

0.3% ND + o.8% Cl

(a) "Red" N204 is conventionally prepared by bubbling oxygen through "gren" N204.
See Table 52 for specifications.

(b) "Green" N204 contains some NO. The composition of currently approved USC-
PPD-2 grade is given in Table 52.

TABLE 51. TESTS OF SPEC3IENS(80)

Tempera-

Spec men(a) . Propellant F Time to Failure

(1) Stressed Red N20 165 90 hours or less
(2) Stressed 1204 + 40 165 No failure in 120 hours

(0.1 to 1.7%)
(3) Stressed 2,.4 + H20,. 165 No failure in 120 hours

(0.2 to MM1%
(4) Stressed 12044+ FNA 165 Ne failure in 120 hours

(25X H120)

(a) Stress varied from 90 ksi to 140 ksl.

TAM 52. MMWflz OF V 4(a)(gO)

content. MAN
mquixemont of equirements of

slament Mef4-2i3 A- NASA MIC-PPD-2

V-04 99.5 minka= 99.5 minim,.
H as (a 0.1 maximu 0.1 MaXM,dC (as*N1nDM)0.06 maxi os 0.08 aimanm
ND 0.6 0.20
Particulate matte 10 mu. maftim 10 mule maimm

(a) In this :wok eNM-P-2GMA pede has been called Ord _ar ' Ite'
ile the So&PD-2 ede 'pe'. Thes$ designations ari•e from the color

differences in various grudes of l104 at 0 C. Thus, at 0 C, *04 of the
10980-P 2 grade Is bluis-yllo. ot rpeen while V14 containing no measurableNO content is yellowish or strew cologed, i.e., ,'*W or "ebite in coqietd-

son to the 9I904M-2 grade, At rom tOM breuM, All gredes of Ng04 (in-
eluding the IL-P-446 A and W1 2 are reddieh-bou in color.
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(1) Stress-corrQsIon cracking will usually using a prefatigue-cracked specimen loaded dynami-

occur in N204 when no significant or cally under 3-point loading in an autoclave with
measurable amounts of NO are present a technique similar to that used in seawater tests
and the system is exposed to moderately as discussed by Brown.(82) Briefly, the specimens
high stresses at temperatures in the are step-loaded to a higher stress level every 4
range of 85 F to 165 F. to 8 minutes until failure occurs. The strts

level is measured by the stress-intensity factor,
(2) Stress-corrosion cracking does not occur K, in ksi /inch, assuming conditions of plane

In N1204 when the k24 contains an excess strain.
of NO.

In air, step-loading resulted in failure at
(3) NO and 02 are mutually incompat.ible, i.e., 70 ksi/inch. Similar results were found using the

both cannot exist at the same time in same techniques with red N204. Hcwever, when a
1N204. The following reaction is believed specimen was step-loaded to just below the air
to occurs value, and held for several days in red N2_04,

2W + 02 - > 2 stress cracks formed throughout the specimen and
2 .failure of the specimen occurred after 12 days at

(4) 127 F. During the experiment, relaxation of the
The wohcercial and militas r specifications stress was noted, indicating slow propagation of a
to which N2_4 is processed do not contrel crack, and the stress level had to be adjusted
either its u2 or NO content. As a result throughout the exposure period.
of this work, NASA has developed a speci-
fication for N204 which controls the NO These results show that the rate of propaga-
content (see Table 52). tion of stress cracks is quite slow in N20 4 as

(5) Stress-corrosion cracking In *red" N204 compared with seawater. Time of exposure to the
environment is, therefore, a much greater factor

shows a time-temperature dependence as than it is in salt water, for example, where stress-
indicated in Table 5. corrosion failure can occur in a few minutes for

(6) A Teflon bladder is used in some of these some titanium alloys. Thus, the experimental pro-
Stanks to contain the N204. The Teflon cedure must be modified to evaluate stress-

acts as a barrier but Is permeable, In corrosion cracking in red M204 by the precracked

time, to N204. On occasion, tanks con- specimen method.

taining Teflon bladders filled with red In other short-te studies using precracked
N204 have failed after extended periods s hor studiescsng w rerackmdof time (see Test $ in Table 50), and specimens, additions of 0.5 percent water (forming
ofthese haee Tsh thein sabele 50of fai e nitric acid and NO) ind 0.25 percent concentrated

uet st ohydrochloric acid (adding chlorides and water)S~as where no bladder was used.
were made to 1204. The results again were similar
to those in air.

(7) Shot peening the inside surface of a tank
so that there is no tensile stress on Although the mechanism of stress-con-osion
the inside diameter surface of the tank cracking of titanium in N204 is not fully under-
shell when in V204 service reduces the stood, it is apparent that oxygen activity plays
probability of stross-corrosion cracking. an important role, and that additions of NO inhibit

(8) All tests to date have shown complete the attack. It has been suggested that stress-

Inhibition of stress-corrosion cracking corrosion cracking occurs on the titanium surface

of titanium in "W-eW N204 (sae Table 52). at coarse slip lines where the oxide film is not
protective, or is easily ruptured, such as by

(9) local creep. This would account for the network
(9) Chloride addition as NOCI to =Dee' 14 of cracks associated with the failures. The NO

up to the specification limit of 0.08 addition could prevnt this attack by removing thepercent apparently does not Initiate stditorouoPevn hi ttc yeeoin-h
orrseton crakring (see Test 8, Table 50). active oxygen anor absorbing on the surface as a

protective film. Chlorides have been suggested as

(10) further work has Indicated that additions a possible cause, since they are often associated
) t w aters todrted t ed ls with cracking. However, no proof of their contri-

of sufficient witar to red N204 will *I- bution to the mechanism of cracking has been found.
minate the stress-cozrosion cracking of W Is conting in tee ores.
tiaim. (Tis, In effect, ados NO ci s
eliminates free oxygen since water forms Further work Is also Indicated In the deter-
nitric acid and NO iA N204.) mination of whet other alloys of titanitm a•e

Other work has shown that the primary cause susceptible, and on the character of the metal

of cracking is not related In my surface before and after exposure to Vny
titanti toessing operation. All normally
accepted claning, heat tzeatingt aging, welding,
desaeln, and handling tec s used for titan- In an effort to explain the observed stress-
tun have been checked. The stess-corrosion c osion-ai failure, a lmted sd s
cracking susceptibilitv was not affected by any by nuC to c•1lest ad exm
variation in these processes. cemical data onmning the possible reactions

Th rrof titanm that might be expected to occur between the Ti-

Th ed crAsckrompareawtio behavifor oter A-4V alloy and the available grades of N2%.
in rve 4 as compaes d with that for other
envi oents waes i1  tigated in studies t Ti section of this miWmare was prepared by
Battelle fr t lC.(Or) These tests were pformed r. J, J. Ward, Fellow in the Mafterials Thers-

dynamics Division, Wattelle emrial Institute.

.. . . w.... WT .; :
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In brief, this study entailed the collection more important as a result of the increasing

and/or estimation of the standard heat of fornma- interest in high-temperature atomic-reactor power
tion and standard free energy of formation for 37 systems. Several important physical properties of
compounds representing possible reactants or re- liquid metals which are of potential use as reactor
action products. These were then used to calculate coolants are illustrated In Figure 5.the standard heat of reaction, AHOR, and standard
free erergy of reaction, &OR, that could possibly Titanium is of interest as a construction
cause failure of titanium in N204 at both 77 and material for liquid-metal systems. However,
260 F. Fifty-three reactions were postulated in because of the loss of mechanical properties and
which elemental titanium, aluminum, and vanadium poor corrosion resistance to a number of the liquid
were reacted with N204, N0, NO2 , NOC1, and/or mix- metals, the present use of titanium and its alloys
tures of N204 with these impurities. Also, 25 in such environments is restricted.
reactions were postulated in which TIO, TiO2 , andTiN were reacted with N204 and these same impuri- The following paragraphs briefly describe the
ties. All of these basic data ano tho reactions behavior of titanium in some of these media.
considered are given in Appendix A.

BIsmuth - Lead Alloy (55.5Bi-44.5fPb)
One obvious intent of this study was to

determine what compounds of titanium could form In 500 hour tests at 1200 F, a Ti-4Cr alloy
that might be protective. Unfortunately, the showed excellent resistance to the 55.SBi-44.SPb
results were almos'i completely negative. Thus, eutectic alloy.(65) Under the same conditions of
the thermodynamic indications were that virtually exposure, alloys of Ti-lSi and Ti-SCu showed
all of the 78 postulated reactions could occur and moderate and poor resistance, respectively.
none of these offered any clues to support the ex-
perimental observations as to why an excess of NO Cadm
suppresses the stress-corrosion reaction or why
an excess of oxygen promotes this reaction. In 1956 and 1957, experiences confirmed that

both the Ti-4AI-4Mn and Ti-GMn alloys were
Further, in all of these 78 reactions, the susceptible to stress-corrosion cracking by molten

thermodynamics are relatively unchanged over the cadmium, i.e., at temperatures above about 610 F.
temperature range of 77 to 260 F. As pointed out Details of these experiencL.ave been summarized
earlier, however, a strong temperature dependence in an earlier CMIC report.r'y/ In general, it is
has been observed in the stress-corrosion behavior believed that for attack to occurs
of the Ti-6AI-4V alloy in red N204 between 85 and
165 F. These differences between thermochemical (1) Fissures must exist in the Ti02 surface
prediction and experimental observation strongly so that unprotected titanium will be
suggest, therefore, that a reaction rate or mechan- exposed.
ism is the cause of this reaction rather than a 5
change in the thermodynamics of reaction over the (2) The temperature must be high enough to
temperiture range of interest. permit the cadlium to flow into the

fissures.
No thermodynamic data could be found for

possible ions in nitrogen tetroxide as a solvent. However, no stress-corrosion cracking is antici-
The thermochemical data for aqueous solutions do pated when using cadmium in contact with titanium
not apply to ionic reactions in 1204 (1), of below 610 F.
course. The dielectric constants of N204 (1),
compared with liquid benzene, 1143 and H20 as show
In Table 53 indicate that ionic reactions in

204 (1) are unlikely. This observation minimies Although general corrosion Is not reported,
ionic reactions oz electrochemical action as a liquid cesium appears to dograde the physical
cause for tank failure by stress-corrosion cracking. properties of titanium. For heawple, at M0 Ft

the-weight changes for TI-6A1-4V secimns in

either a titanim ar type 347 stainless steel
TAiNLII 53. DIULBCTUXC 0fhTrIT8 MIIDI container were from 40.2 to d0.8day

EVERAL OER LIQUIZ6 Btfor both vapor and liquid exposu -•e This is
a penetration rate of )ess then 0.2 all par year.

Dielectric Constant Teerat-e, Hower, after exposure to liquid cesaum, the
and TI-13V-llCr-3A1, as measured by bending, is

N~4l)2.5 15 reduced (see Table 54).
Beeze 1) 2.264 25
&IOnial) 16.9 25 The tensile properties of titanium are lseo
Ueter(L) 7S.54 25 dcreased by •posue tc esium at 392 asshow

In Table 55.07) Titanium Is apparently attacked
more in the vapor than in the liquid. The

~muxsm. it . m U LS eduction in tensile properties Is less at very
slow pull rates.

U quid metals are encountered In three types Tonsion-tonsion fatigue tests in liquid
of s•erice, alloying and melting oper•ations, cesium at 86 to 95 F hmed essentteliy no advere
chemical operations in which one or w re reactants ec at. 9pecime5s shoded inclde se ased
are liquid wtals, And as a high-temperature, heat- offset. "Imn studied Included Whowt "I-
transfer medium. This latter use is beoming mu of unalloyed titantium TI-GAl-4V, and -13W-l4

lCr-3l, as well as 302 setalless sM , oKer,*
----.- 1040 st--l-e mybmm.
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M3• UNDESIRABLE AREAS , O .....

uou'o H0030)
Wo o •1 *c - I0 0200

NCO @ 0..175] (129)No (0160)
@2CCMWI IL 30') - 0 LI (65)

U 00 12 0.15•0 L!(

-P (1 ~ 4)0 .oo F _ 0.1125 2.5 -K(2.5)--
1. 1

<Ni @00091(-u) 0.5o01/
Sooo .. 0 0 0.00

600 - &-03 lb(0.30)- (AD C& R b(0.075)- 91.5

" II 
I_ I

400 R(127)- 'OL (50-C)

2V71 _(0.72) me(0.030) rI05 )

Pb.GiOM04) MOM.2

Stress to Yield 1800 Bending 900 Bending
, endija. 86 F 1000 Hr at 86 F After 1000 Hr After 1000 Hr

A ,9 T retpient; Dry I C S Cs IE gggsu l L6 F 1 2D F Cs Vi po

Tj As-recoived Okay Fractuares Okay Lrec•cs F~cue

T i-30V As-foz• we S ma ll cracks F rac ture$ Ok ay Fractu re $ La rge cracks

Tj-6AI-4V Kill-anneal Okay Fractures Okay Smell cracks Fractures
TI-13V-IIC r-3A l M ill -On ft " I Small edge M an y small Okay Small tracks F ract ures

cr'acks c~racks

"•ABLZ 5s. TlNSILAE STRENGTH Cf TA•.IlUW ALLOYS IN LIQUID AND VAPOR CESIIl AT 392 F
AT VARIOUS PULL 3ATESk

Ultimate
Tensile Yield

AlPull iR •e. Strengthl$ Streingth, Elongations

Aloy Unvroqsmat tnIin I kci kst oercent

T Dry 0.5. 74.0 63.0 20.0
T i C 6 0 ,S 70 .0 60 .0 2 1. 8

T i C a 0 . 5 7 1 . 0 5 9 .6 2 D .4

r A C • v " 6 1 ' 0 . 5 50 .0 .4 .0 1 3 -1

T i Ma v apo r 0.15 48,0 3.0 10 ,8

1it S 0.1 68.8 S . .30 *3

T6 0.01 1.O .33.0 28.9
Cs 0.01 1.0 53.0 29.5

T a-ee-4VDry 0.5 1652. ,0 12.4
T L-6A.-4V Ca, 0.5 151.0 142 .0 11.2
TL- W -t,.,V Co• 0.5 IS2.0 143.0 l1.11

TL-MAI-,i¢ C vapor 0.5 126.0 112,0 7.5

T t..• - 4V C e v apo~r 0,5 . 1".0 110.0 ,

T i.. l-,IV Ca 0 .•1 14 0.3 136e.0 10.2

T-tAI-,4 C9 0.01 157.0 141.0 12.9

T 1-6A -_4v Cs 0.01 14 7/.4 13 5.0 12,6

(a) Spccimni W/-Inch dtaeutors 1:.l4-inelh length.

-7oI
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Gallium The impurity levels in lithium may also
affect the rate of attack of titanium. ForTitanium is disintegrated by gallin(88,89) instance, the solubility of titanium increases with

at 840 F, but is reportedk9O) to have good re- both nitrogen conc nt ation and temperature as
sistance at 750 F. shown in Figure 7. 94) Although oxygen was not

found to alter the corrosion resistance of titanium
Lead to lithium, transfer between lithlim and titanium

does occur. The equilibrium concentration inTitanium(l,91) has poor resistance to lead titanium appears to be between 700 and 900 ppm
) at 1500 and 1833 F. 02 after 100 hours at 1500 F.094)

Titanium, molybdenum, tantalum, zirconium, Early work has indicated that titanium
vanadium, and beryllium were found to be quite has good resistance to magnesium up to 1380 F and
resistant to attack by lithium. 84,92) (In early limited resistance at 1560 F. However, the Ti-Mgwork, some of the above were thought to have poor phase diagram indicates appreciable solubility
resistance because of dissimilar metal transfer in liquid magnesium.
from Iron capsules.) Titanium shows no attack
at 1500 F (see Table 56).k 9 2) At 180 f only fair
resistance is reported for titanium.k93) Figure 6
compares the static and dynamic corrosion resistance Titanium, in itself, is not very wesistant •
of several materials. However, the texts of to mercury, except at low temperatures *( 96,9 a)
references 84 and 92 indicate that titanium was Because of its light weight and high strength,
not tested in the flowing systems. Pure iron,
ferritic chromium stainless steel, columbium, (a) Some room-temperature corrosion data fortantalum, and molybdenp3pppear to have superior titanium in mercury and some mercury alloys
resistance to lithium.r931 are given in the Low-Temperature Alloys

section of this memorandum.

Te"Mpture, F
6W ~ ~ ~ o Soo 100 W " moo

(Cu, A, Au, P pow r-i-efce

Nickel

Low -iloystu~s

*OI* bAbS Co.*.E ft Y

CNbalt -9M AIO I m V Jt

- -- O• i -Sr

noon ~ ~ 0 ooo m o ausqIn dyori VMIWS nT4 N umsi os W (

I for

47 7
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TABLE 56. RESULTS OF LUTHIUM CORROSION TESTS ON METALS IN TWO-COMPONENT STATIC TEST SYSTEMS(92)

Surface Area
Volume of Weight

Temerature lime, Lithium Change,
Metal F C hours in.2/in.3 mg/in. 2  Metallographic Observations

Beryllium 1500 816 100 10 +1.7 2 mils of intergranulsr attack
Beryllýu• 1832 1000 100 10 +1.6 3 mils of intergranular attack
Copper~aJ 1500 816 100 13 -- Portions of 35-mil tube wall

completely dissolved
Iron(a) 1500 816 100 13 0 No attack
Iron 1500 816 400 7 -2.0 Up to 2C mils of very faint

intergranular penetration

Iron 1832 1000 400 7 -1.9 No attack
Molybdenum 1500 816 100 13 0 No attack
Nickel(a) 1500 816 100 13 -- Portions of 35-mu1 tube wall

completely dissolved
Tantalum 1500 816 100 13 -v7.6 No attack
Titanium(a) 1500 816 100 13 +2.5 No attack
Vanadium 1500 816 100 13 +8.4 No attack
Zirconium- 1500 816 100 13 0 No attack

(a) Duplicate tests.

considerable research has been done on improving
the corrosion resistance of titanium to mercury,
especially at elevated temperatures.

___ r*C) _Commercially available titanium and its
:: 850 goo no ?00 650 alloys are corroded at about 1 mil per month in

S- T I I i Imercury at 700 F.(96) A thin adherent black film
was present on most surfaces. Little attack oc-
curred in the vapor. Based on static-test data,
it seems unlikely that any of the present týtanium
alloys would be satisfactory by themselves.096)
Tables 57 and 58 give corrosion data for various
alloys in mercury at temperatures of 700 through

"210 spim NITROGEN 100 1000 F.

3 0so Possible Stress-.Corrosion Wrcking

A 1962 reference,(96) reported that the Ti-
13V-IlCr-3A1 beta alloy suffered unusually rwere

%30 cracking attack in both the liquid and vapor phase
20 1 of mercury at 700 F. Also, embrVitlement of
-5 titanium scrap and alloys Ti-75A and TI-6A1-4V

C 559pm NITROGEN has been observed when titonium was deformed

10 while immersed In mercury.'. 8) Wetting of un-,o-*sstressed titanium by mercury requires a tepera-
ture of 750 F in yacuum, while reeposure to air

"0 5 causes dewetting.(g8) These reports indicate that
strvess-corrosion cracking of titanium and its

S3 alloys can occur in mercury. Consequently, addi-
tional studies in this area are recommended before
committing titanium or its alloys to usp in

AFTER: LEAVENWORTH ANO CLEARY contact with mercury.
COIVATECMOMUCAT ON

Surface Protection
0.82 06 O0 0t4 0 1.02 o 0610 ti Corrosion of titanium by mercury can be

,ooo/•,x)•reduced by protection of the titaniumi S•Pfare.
1000rex)dit~rided titanium alloys (see, Table 59),(97)

Ti-2.Al-16V and TI-7AI-12Zr suffered no attackFIGURE 7. SCLUBILITY OF TITANIUM IN LZTHIUL(94) after 14 dys in mrcur at 1000 1 or 41 days at
S(96,97 )At 1000 F some selective attack

7 ' 7LI777m lllllllll~lA l7, I!
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TABLE 57. RESULTS Of MERO.JR.' GORROSION TESTS ON TITANIUM AND TITANIUM ALLOYS AT 700 F (STATIC SYSTEM)(T7)

Test
Test Period, Weight Change,(a)

Material Environment hours mg/cm2  Remarks

Commercially Pure Titanium Liquid Hg 169 -26.22 Slightly pitted
720 -79.7 Pitting attack to depth

of 2 mils
Hg vapor 720 Nil No attack

Crystal Bar Titanium Liquid Hg 336 -14.2 Uniformly corroded
Ti-4A1-4Mn (alpha-beta type) Hg vapor 720 + 0.02 No attack

Liquid Hg 720 - 7.22 Scattered attack all
over

Ti-e8Mn (alpha-beta type) Hg vapor 720 + 0.04 One crack
Liquid Hg 720 - 9.48 Scattered attack all

over
Ti-7A]-4Mn (alpha-beta type) Hg vapor 720 Nil No attack

Liquid Hg 720 -16.12 Attack in severalscattered areas
Ti-3A1-2.5V (alpha-beta type) Hg vapor 720 + 0.05 No attack

Liquid Hg 720 +10.06 Uniformly corroded
Ti-2.5A1-16/ (alpha-beta type) Liquid Hg 336 - 0.45 Slightly cracked
Ti-6A1-4V (alpha-beta type) Hg vapor 720 Nil One crack

Liquid Hg 720 - 2.94 One crack; attack in
several scattered areas

Ti-3A1-5Cr (alpha-beta type) Hg vapor 316 Nil No attack
Liquid Hg 336 - 0.95 Very lightly attacked

Ti-5A1-2.5Sn (alpha type) Hg vapor 720 Nil One crack
Liquid Hg 720 - 5.54 One crack; shallow pits

Ti-8A1-2Cb-lTa (alpha type) Hg vapor 720 + 0.03 Four cracks
Liquid Hg 720 - 9.41. Uniformly corroded

Ti-8A1-8Zr-I(Cb + Ta) (alpha type) Hg vapor 336 + 0.01 One small crack
Liquid Hg 336 - 4.48 Many cracks

Ti-7A1-l2Zr (alpha type) Hg vapor 336 - 0.01 No attack
Liquid Hg 336 - 3.83 One long crack; soiution

T l otip( tttack
TL-SAI-SSn-SZr (alpha type) Liquid Hg 336 + 1.11 Cracked and pittedS Ti-BAI-lgo-IV (alpha type) Liquid Hg 336 0.57 Slightly cracked

TI-13V-1lCr-3AI (beta type) Hg vapor 720 Nil Severely cracked
Liquid Hg 720 - 8.10 Severely cracked

(a) "+" refers to weight gain and "-W rfers to %%eiqht loss.

TABLE 58. CORROSION TESTS RESULTS ON TITANIMZ AND TITAflEI ALLOYS IN LIQUID MXIW AT 850 ARD 1000 F
(STATIC SYSM)(97)

Test Period* yetaht Loss, e/a

Mattral, hours 850 P 1000 F Remarks

Commerially Pure Titanium 720 -26.4- Uneven attack
336 - -".14 Unifory codedTI-2.AI-16V (alpha-bets type) 72D - 5.57 -- Slightly pitted

336 - -21.47 Thin leyer of corroson Iroductlunifovaly attacked V
TW-,AI-W~r (alpha-beta type) 720 -.36.2D -- Unifo ",1y cor~roded •

336 - 5.-3.90 Black cozrrosion product* Irregm-
larly distributed

Ti-7AI-l2Zr (allhe type) 720 - 6.0 -- Shalle plu
336 - 7 '7.56 Uneven, severely corrodedTi2~14Kn (alpha-beta type) Teat Per.50 - UnhLcha athacke
336 -61.35 Severe, an surface attack

336
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TABUE .9. VI1G6T OIMI(, 1./C

2 , 01 TIT*II AND TITANI.I In thermal loops, single metal additives toS~ALLOYS AFTER 14 DAYS' EXCPOSRE IN MEROURY AT
A3O C (STATIC SYST'IN)(97) mercury proved less effective than was indicated5in the above work. Thus, in a thermal loop at

As-Polished Nitrided 850 F, with or without added zirconium, the hot
Materials (Liquid Only) Liquid Vapor leg specimens of titanium were dissolved.M102)

Also, in a loop with a nickel additive, mass
Ciomerclally pure -49.14 +0.78 -0.51 transfer pf nickel to the titanium hot leg sample

titanium (30 days) occurred. k103)
"Commercially pure - +0.12(s) -

titanium
TI-2.-Al-16V -21.47 +0.11 +1.12 Based on the above data, the applicability
Ti-3A1-5Cr -55.90 +0.08 *0.64 of titanium for mercury service is limited.
Ti-7A1-127r -77.56 +0.07 +2.92 Additional data should be obtained before any
TI-Sen -61.35 -0.13 *0.40 such use is planned.

(a) Heat treated at 800 C for 4 hours under vacuum.
Potalsium. Sodium, and NaK Allovs

occurred on corners.(96) The nitrides on Ti-7A1- Titanium appears to offer good resistance
12Zr ano Ti-3A1-5Cr are susceptible to attack in to sodium, potassium, and NaK alloys up to lOCO to
the vapor phase. The nitrided layer on unalloyed 1100 F. Above 1100 F, the corrosion rate is
titanium cracks although little weight loss occurs. significant and titanium is limited to short-time
The manganese in Ti-aMn may obstruct the N dif- use. Both nickel and 18-8 stainless steels appear
fusion into the metal. However, a very adgerent to have better resistance in these media than
film is formed. titanium.(93)

An attempt to carburize titanium alloys for The effect of cavitation on the corrosion
resistance to mercury was unsuccesful. The resistance of unalloyed titanium (Grade Ti 1OOA)
surface became brittle and cracked possibly in sodium up, to 1000 F is a function of time and
because of hydrogen absortion.(971 A sulfuric temperature. 104) Tests were performed using a
anodized film of thickness 5 to 11 microinches magnetostrictive oscillator in sodium containing
protected titanium at 700 F, but dissolved at total 02, N2 , and 4P0 of <5 ppm. The cavitation
850 F.'97) damage was found to occur in four steps, listed

below, and is illustrated in Figure 8.
Metal Additives

(1) Incubation
The addition of metal additives to mercury (2) Accumulation

tends to decrease its attack of titanium. Effective (3) Attenuation
additives are zirconium, nic el, aluminum, cop er, (4) Steady State.
Iron, magnesium, or cadmium.t97,99,100,101,102)

The addition of bismuth or zinc increases the The steady-state cavitation damage was then shown
attack on titanium. Beryllium has no effec.t.(97) to vary with temperature as in Figure 9.
At 700 F, aoditions to mercury reduce the weight
loss of comaercially pure titanium from 26.2 ig/ In addition, amplitude of the oscillation
cm2 (7 days) to 1.43 for magnesium, 1.37 for iron, was found to affect the rate of weight loss, as
1.09 for coper, and 0.56 for zirconium, all after shown in Figure 10. The steady-state weight loss
14 days.1 The effect of metal additives on varies as the square of the displacement ampli-
the solubility of titanium In mercury at 700 F is tude, as also shown in water systems. The in-
shown in Table 60. tensity of cavitation damage in sodium at 400 F

is about one and one-half times that In wate-
TABLE 60. SOLUBILITY OF TITANIUM AND METALLIC at 80 F for a given amplitude and frequency.

ADDITIVES IN LIQUID MERQJRY AT 700 F(97) Silver and Slver Compounds

Equilibrium Solubility of Metallic At high temperature. silver, silver chlorides
materials Elements in Liauid Ho. • and silver braze have been shown to have a deflnite,,

Tested Ti 0j Fe Zr a. detrimental effect on titankum alloys, and appearii to •usue a form of stzcsss-cozroslon cracking.

it 13.20 - -.

TI * 0j 6.70 214 -.. A silver bae coating (Dynsbrsx* - -- ,
Ti + Fe 7.22 -- 0.6 -- -- consisting nominally of 94.-SAg-l-O.3n) on

Ti + Zr 8.50 - - 241 - titanium alloys Ti-SAI-UMo-IV and Ti-6AW-4V
TI * Be 13.50 -. . . . 0.06 caused rapid surface det.sioration, loss ofadhesion betosen braze and metal, and stress-

corrulan yracking after exposure in air at
60 .(05| Of tho failed titanium slpeCmlehss

As shown in Table 61, separate additions of only slight differences in failure time were noted
zirconium, aluminum, and nickel reduce the attack betwmn brazed specimens vith or without silt &ad
of mercury on titanium at 1000 F. However, binary in the notched or unnotched condition. For the
combinations of these additives in mercury tend Ti-WA-4V alloys notched specimens were stressed
to accelerate the attack of titanium at 1000 F. to 45 or 58 ksi man wtslotche specimns to 23 to

7t kst. Failure times ranjed from M. to 15#0

. . . . . . .:. .- . .... ..: .

.. • -.. i.

?••••.., ,:: . . .•.# • • .•• .. : .... :
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TABLE 61. INTERACTION OF CRYSTAL BAR TITANIUM AND ADDITIVES EXPOSED TO LIQUID
MERCURY AT 1000 F (STATIC SYSTEM) (102)

Weight Chanpe Spectrochemica. Analysis of
in 14 Days,.a) Excosed Surfaces(b)

Exposure to Liquid Mercury Plus ng/sq cm Hg Ni Zr Mg Al

No additives -16.51 i -- T -

-17.60 K -- T . .--

-18.69 W -- T . .--

Ni (750 ppm) + 4.04 M M .. i
+ 3.92 M M

Ni (750 ppm) + Mg (50 ppm) -34.10 W T
-31.20 W T

Ni (750 ppm) + Al (50 ppm) -28.56 M W-M -. W-M
-29.87 M w M .. . w a

Al (750 ppm) + 0.26 M .. .. . S-VS
+ 0.32 ¥ . . . S-VS

Ni (750 ppm) - 0.15 M -- M

- 0.94 M -- M
- 0.92 M -- M

Zr (750 ppm) + A1 (50 ppm) - 0.89 S-VS . .. .. VS
- 1.56 S-VS .. .. . VS

Zr (750 ppm) + Mg (50 ppm) - 2.08 M -- S
- 1.07 M -- S

(a) "I' refers to weight again, "-" refers to weight loss.
(b) VS - very strong, above 10 percent; S - strong, 10 to 1 percent;

M - moderate, 1 to 0.1 percent; W - weak, 0.1 to 0.01 percent; T - trace,
0.01 to 0.001 percent.

MOW01o Tiamium 100 A
uql.e sodium at 400 F

Ou 08- Wp, 46 p (0I.7 mils)
0rqt 0 1560 hsos.0 SpwCinw dion*W i

0 0

00 to m a uoo mO0a0 I 00 0 • tO

FIGURE 8. CAVITATION DANM, FWFIFCT OF TIME ON RATE OF WEIGHT
LOU OF 100 A TITANJUl(104)

---- 7
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12 Material Titanium 100 A

Liquid Sodium
I0 -Amplitude 46D0I (1.7mils)

Frequency 15.0 Ics
• i ! Specimen tdech wo

02

•o 400 500 6OO 7O 00 900 9 000 I tOW 10

Tamperoture. F

FIGURE 9. STEADY-STATE CAVITATION DAMAGE, EFFECT OF LIQUID-METAL
TEMPERATURE ON RATE OF WEIGHT LOSS(104)

I0" *1 Frequency 15.01hc

Liquid Sodium tl400

4

II

' / -

S4

> 4 6 S0

WOAOi Apvlhvdc, am l

FIGJRi 10. 1IGfCT OF DIWLSACIUOT AMPLIU ON THi RATE OF IGHT LOSS(14)



hours. For the Ti-8A1-lMo-1V alloy, notched- silver chloride caused stress-corrosion failure of
specimen stress was 56 to 67 ksi and unnotched- the alloys at 700 F and higher. No reduction of
specimen stress was 23 to 31 ksi. Failures occurred room-temperature properties was found after short-
after 9000 to 18,500 hours. term exposures of Ti-7A1-4Mo at 600 F. As a result

of this work, the use of silver plating on these
An investigation of failure of a titanium- parts was discontinued. Instead, organic bonded

alloy engine-compressor wheel operated at high dry film lubricants or graphite greases were
temperature showed the role of silver and silver adopted in place of silver thread lubricants and
chlorid in stress-corrosion cracking of titanium molybdenum disulfide ýas selected over silver
alloys. 106) Previous compressor tests below 700 F antifretting agents.
showed no failures. Tensile specimens of Ti-7A1-
4Mo and Ti-SA1-2.5$n, uncoated and coated with Before other silver compounds are applied
silver chloride, silver plate, vacuum deposited sil- to titanium, a complete evaluation of the effects
ver, and/or F50 hydraulic oil and salt were used. of stress and temperature on the stress-corrosion
The results are shown in Table 62. Both silver and cracking by silver is recommended.

TABLE 62. RESULTS OF STRESS-CORROSION STUDIES OF TITAN4UM ALLOYS
WITh SILVER AND SILVER CLORIDE(1) Tin

Tempera- Failure Titanium showed excellent resistance,(l)
ture, Stress, Time, to tin at 930 F.F ksi Costing hours •

TIng hours Low-Temperature Alloys

800 100 Bare 4O-396 In a survey of the corrosion properties of
800 100 MaCl 1.4 to 2.6 metals exposed to liquid metals at room tempera-

Boo0 0()ac) NM i(a) 260(b) lure, none of the liquid metals tested were f und
Boo 25 NaCI N 260 to be detrimental to unalloyed titanium A-707107)

Exposure was carried out at 77 to 91 F with a800 100 Ag~c 0. 0.06 relative humidity of 80 percent. Prior to exposure

600 110 Bar.e N 10(d) to the liquid metal, an ethanol-HC1 etchant and
600 110 Agcl NF 1iO(d) several fluoride etchants were applied to the

875 70 B5? 146, 182titanium
875 70 ) 112F 2 +3HF

A7 70 gplate 16.5 (2) IM HF
875 70 A9 plate 4PO(*) 20 (3) NaP ÷ 212804
875 70 Ag plate + MaCl 4.6 (3) Eao - HF
875 70 Al plate and then stipped 120 (4) Ethanol - IF

(5) 9 HCl - 0. Na N.
875 70 Ag (vacuum depo•S4() a, 9

875 70 A9 plated bolt 33 No evidence of oxidation, cracking, or loss of
(MaCI coated end wssQ*) coherence was ob erved for the liquid metals shown

875 70 A9 plated bolt from 41 In Table 63.(107)
service In Table 63.00I

675 70 Ag plated bolt 26

T--.S TABL 63. LIQJID ITNA IESD TO Ti ,0 AT MM W RAviran axwTioN ,a== oR Lu o, a:mmu( 10)
900 46 We ~ W 100
900 46 AgCl 0.03, 0.06

am 5 Br W 100 H Ga U asturated In

900 71 'AI 0.0 aNo atd Go sa04ra0e To800 55 AgCI 0.6 HN saturated Ag Go saturated Ag 0% Ma esaturted TI
700 sa tu r 100 I aatratedAs GasaturatedO,700 64 A 1 0. H9 saturated Am Ga saturated N1 91g-Wae saturated In70 eaturated ft as saturated Pb 9954p- saturated Tl
500 ?1 kre W 100 M9sturated W Gosturated TI

"Ig "asbrted In 9l9g-TI saturated In900 71 A#4l 146 Mg Masted 99 8304=12a10

$75 50 179, 447 He saturated an IlDe-Dln 73Ngr-n-10T1
175 saturated Pd 0G4-391n 5"1g411Tb-l90s 2ue) 1)7 I E t , aj4-W394,~ ~ ~~H sa•turatedettl PtN el3lt64-1n4•

975 W A plate 0.4, 0.6 I09 saurated Im 9200-M~ lpllI

Ss plate Po0(*, 0.3 1.ge-lblh-

57 9 Ag (yea., dapeat) is WOe-ZOO5 t. 90 9cl 10,40

sr 50 VGVA ede-ao057 to Ag M (w mpeatj ~Nami 1.3 mgoe
M 50 Av (vomd depostl) 1W, -41 tn
057 50 Ad VWam dapeel 0 MaI 1.5 ow-01
V57 90 V1 vs.. dapesi 210 4OI

5m 90 Ag plated bolt 117 9"419-n

(4 b-=twerature prope•tle aft" tests yield 0 te 113 kat,
It 10-t 1 Pe0 ic t.

(e) Itdroalle oil,

; 2 :! *
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APPENDIX A

THERMODY(NAMIC CO)NSIDERATIONS FOR REACTIONS
OF Ti-6Al-4V WITH NITROGEN TETROXIDE

J. J. Ward*

A limited study was undertaken by DMIC to The free energy of the foregoing reactions was
collect and examine thermochemical data concerning not taken Into account because of a lack of data
the possible reactions that might be expected to on surface effects. For similar reasons, the
occur between the Ti-6A1-4V alloy and the available free energy of solutions of NO(g) In N2C41I) and

grades of N204 - other solution effects were not calculated.

To this end, the standard heat of formation, The equilibrium constant, KR, of reaction
Al~,and st.andard free energy of formation, bGf can be caltulated from the values of OFOR by

of a number of compounds of Interest were collected the equation:
or estimated for temperatures from 0 to 400 K %-459
to 260F). These are given in Table A-I. The &GOR = -RT 1VD KR.
compounds in this table were selected on the
basis of liquid N4204 and its nominal impurities With the equilibrium constant, KR, the

(5ee Table 52) and the postulated reaction products equilibrium extent of reaction can be calculated
of these with titanium, aluminum, and vanadium. undcr conditions of activity anid c~ncentratlont

that are different from the standard state.
The values of &40f of the compounds in The eifect of pressure on a react'on can be

Table A-l were used to calculate the standard evaluated from the relationship,
heat of reaction and standard free energy of re-
action that ccjl;d possibly cause failure of ti- M2=I
tardjm in N2j- 4. Eighty-five reactions werea
pot.*ulated and grouped as follows:

(a)Chngs o sat orrectonsbewen n general, If the number of gaseous moles of
(a Cage o taeorrecios ewenreactant Is greater than the number of gaseous

N2941 NO NU2 02, and 1120 moles of product, the extent of reaction Is greater
with an increase in pressure at equilibrium.

(b) h N2 lmetl0i4Aan It. should be emphasized that the value of
the standard -free energy of formation Is only an

()Ratosof elemental Ti, Al, and V Indication of the possibility of a reoction. The
wtV4impurities W~R value gives no Information on reaction rate

(d) eacionsof b, T 2 , nd Tll ithnor time requirement for the initiation of a
(d) eactonsof TO, 102,andTIN ithroaction. The time dependency belongs to the study

N24adImpurities In N0-of reacti'n l-inetics and mechanism.

Fieohrreactions (Group E) were also postu- Comments on the negative results suggested
lae nconsidering the possibility of ch'oride by the-78 postulated Groups 8, C, and D react!.ons
reovl ro N04through the use of silver addi- have previously been summarized tn the body of
tin. hr. 0reactions and thermochemical this memorandum.Idata fo hma 7and 260 F are given In Table

A-2.So for as the Group A reactions are con-
corned, Reactions 2 and 3 Indicete that H12C

The react.ions shown in Table A-2 with a additions to 11204 to form HN)03 and NO (with or
negative sign for AGOR can occur if the reactants without N402) are not favored In the absence of

end rodctsare n teirstanardstaes.oxygen. In the presence of oxfgen (Reaction 5),4 andprodcts re i ther stndar staes, formation from 1120 and NP24 Is favored.
The standard state for gases Is taken at Ceapittlon of this reaction would also be pro-

one &too% hwe for the Ideal-gas. In the case noted with increasing pressure. This suggests
of solids. the, standard state Is a crystalline than aw beveficlal effects ascribed to 1120
bulk state. Liquids are considered at ott amittons may arise only where sowe free oxygen Is
atimophere pressure. An example of solid-state present.
reaction is 61, Table A-2, ass

Reaction 6 supports the Incompatibility of
71(c) 1'Ti0(c% q 2 tiO(c). mixtures of oxygen and NO.

If TI.Clic) or TiO(c) are protective films, a free- The Group I reactions were considered since
energy value would be required for the chang fro there Is sawe question as to whether or hsot the
a bulk state to a film as chloride might be contributing to the stress.

corrosion problem. Jf this concern persistst, then
2TiO(c) quA 2T1O (film) the use of a silver film or ton might be con-

anTdL(il) sidered to ramove the chloride as N'XI by precipi-
__~)PA T%(fl) tation to A9CI as shown In ?&actions P7 and 09.

-~~ This assmmes that AgCl Is as Insoluble In *~4

*Fellow, materials Thermodynamics Divisions as It It In wators, which io Likely*
Sattalle Memorial Institu~t4 COl~umts, Ohio.I
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TABLE A-I. THERMOCHIEMICAL DATA(') FOR COMPOUNDS OF INTEREST IN THE
COMPATIBILITY STUDY OF NITROGEN TETROXIDE IN TITANIUM METAL

Standard Heat of Formation, AHl., kcal/go•l, Standard Free Energy of Formation, AG, kcal/gnol,

at Indicated Temperatures, Kelvin at Indicated Temperatures, Kelvin
No. Corpound 0 100 200 298 300 400 0 100 200 298 300 400

I TiO(c) -123.186 -123.572 4123.814 -123.900 .123.900 -123.838 -123.186 -121.485 -119.200 116.892 -116.848 -114.505
2 Ti203(c) -360.923 -362,039 -362.782 -362.900 -362.898 -362.611 -360.923 -355.711 -348.978 -342.224 -342.096 -335.194
3 Ti0 2(c) -224.347 -225.012 -225.417 -225.500 -225.500 -225.391 -224.347 .22n.919 .216.635 -212.283 .212.201 -207.780
4 TiN(c) -79.625 -80.06, -80.367 -80.500 -80.501 -80.491 -79.625 -78.028 -75.897 -73.637 -73.595 -71.292
5 TiCI 2(c) - - - -123.500 -123.494 -123.184 - - - -112.970 -112.904 -109.422

6 TiCl2(g) -72.193 -72.245 -72.275 -72.300 -72.301 -72.349 -72.193 -73.004 -73.749 -74.464 -74.478 -75.197
7 T0C4(c,f) -195.803(c) -196.146(c) -195.667(c) -192.300f) -192.277f) -191.073(o -195.803(c) -189.122(c) -182.259(c) -176.319(1) -176.219(n -171.051(1)
8 -Ti(NO 3)2 (c) - - -.... 127.0 - -

9 "TiO(N 3)2(c) - - - - - - - - -190.0 - -

10 AICI 3(c) -168.299 -166.978 -168.912 -168.580 -168.573 -168.160 -168.299 -162.784 -156.592 -150.616 -150.505 -144.543
11 A1203(c) -397.494 -398.697 -399.838 -400.400 -400.406 -400.555 -397.494 -392.241 -385.329 -378.078 -377.94 -370.418
12 VO(c) - - - -98.000 - -97.800 - - - -91.400 - -89.100
13 V203 (c) - - - -296.100 - -295.600 - - - -276.970 - -268.150
14 VCl2 (c) - - - (-117.000) - (-116.550) - - - (-105.900) - (-102.100)
15 VN - - - (.40.800) - (-40j50) - - - -34.550 - -32.400
16 AIN - - - -76.000 -76.004 -76.149 - - - -68.595 -68.549 -66.038
17 N204(g) +4.473 +3.319 +2.563 +2.170 +2.165 +2.035 +4.473 +9.721 +16.446 +23.355 +23.486 +30.619
18 N204(0) (-4.488) (-6.599) (-5.789) -4.676 -4.652 (-3.142) (-4.408) (+3.775) (+13.863) +23.282 +23.455 (+32.607)
19 N204(c) -7.263 -8.60i -8.833 (-8.373) (-8.358) (-7.141) -7.263 +2.174 +13.095 (+23.785) (+23.984) (+34.600)
20 NO(j) +21.456 +21.256 +21.558 +21.580 +21.580 +21.590 +21.546 +21.256 +20.984 +20.697 +20.692 +20.394
21 N20(g) +20.430 +20.084 +19.786 +19.610 + 19.608 +19.530 +20.430 +21.573 +23.185 + 241896 +24.928 +26.716
22 N02(9) +8.586 +8.326 +8.099 +7.910 +7.907 +7.770 +8.586 +9.545 +10.853 +12.247 +12.247 +13.751
23 NO3(g) +18.529 +17.912 +17.375 +17.000 +16.995 +16.815 +18.529 +20.985 +24.272 +27.745 +27.811 +31.449
24 N25(Ig) - - +3.036 +2.700 +2.697 +2.710 - - +19.848 +28.186 +28.343 +36.898
25 H1O 3r•- - -41.349 - - - - -19.030 -
26 N03(g') - - - +19.800 +19.787 +19.691 - - - +33.324 +33.408 +37.965

27 H03(0 ) -29.755 -30.749 -31.527 -32.100 -32.109 -32.472 -29.755 -6.696 -22.332 -17.690 -17.601 -12.704
28 NOCI(g) - - - +12.620 +12.619 +12.602 - - - +16.049 +16.070 +17.224

29 NO2CI(g) - +6.310 +6.307 +6.185 - - - +16.300 +16.361 +19.734
30 H20(0) - - - -68.320 - - - - - -56.720 - -

31 HP20(g) -57103 -57.433 -57.579 -57.798 -57.803 -58.042 -57.103 -56.559 -55.635 -54.636 -54%617 -53.519
32 HCl(g) -22.019 -22.063 -22.029 -22.063 -22.064 -22.129 -22.019 -22.289 -22.535 -22.778 -22.782 -23.012
33 NH3(g) -92o2 -10.052 -10.508 -11.040 -11.050 -11.572 -9.362 -8.205 -6.195 -3.966 -3.923 ,1.467
34 NH4CI(c) - - -75.380 -75.380 -75.222 - - - 46.743 -48.570 -39.660
35 AgCI - - -30.362 - - - - -26.224 - -
36 AINO3  - - - -29.430 - - - -7.690 - -
37 Ag20 - - - -7.306 - - - -2,586 - -

* Estimated vaIbis.
(a) Numerical values carried t jond the significant place for computational consistency. The following references were used as sources for the data contained In this table:

Stull, 0. R. at at, JkNAF Thermochemical Tables, PB 168370, Clearinghoose, U.S. Department of Commerce, Springfield, Va., 12251 (1965).
Elliott, John F., and Glaiser, Molly, Thennociemistry flo Steelmakin , Vol. 1, Addisionw esley Publisbing Company, Inc., Reading, Massachusetts (1960).
Latimer, Wendell i., Oxidation Potentials, 2d Edition, Prentice Hall, Not., New York (1952).
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TABLE A.2. THERMOCHEMICAL DATA FOR POSTULATED REACTIONS OF INTEREST IN THE COMPATABILITY STUDY OF

NITROGEN TETROXIDE AND THE Ti.6A;.4V ALLOY(a,b)

Standard Heat of Reaction, Standard Free Energy of Reaction,

A$HR, kcal AGO, kcal

Number Rexction 298 K (77 F) 400 K (260 F) 298 K (77 F) 400 K (260 F)

Group A. Changes of State or Reactions Betwn N204, NO, N02,02, and H20

N204 (9) 4ph N204 M -6.846 -5.177 -0.073 +1986

2 3N204 (f) + 2H20 (f)q. 4HNO 3 (f) + 2NO (g) +28.432 - +8.868 -

35 22041(2) + H20O(1)w&2HN0 3 (1) + NO (g) + N02 (g) +24.374 - +5.040 -

4§ N204 (e) + (02 (g) V N205 (9) +7.376 +5.852 .4.904 4.29

6 * NO (9) + 1402 () W &4N 204 ( r) -23.1R8 -23.1t6a -9.056 -4.09Vt

7 * 2N0 2 (9) w N204 (f) -0.946 -18.682 -1.212 +5.105

Group B. Reactions of Elemental Ti, Atand V with N204.

8§ Ti (c) + 4N204 (f) q TiO2 (c) + 41N2 (1) -223.162 -223.870 -223.924 -224.084

9 Ti (c) + ½N204 (1) w TiO 2 (c) + 0N2 (9) -226.585 -226.409 -223.961 -223.090

106 Ti (c) + % N204 (q) m TiO (c) + %¼N2 (g) -122.731 -123,052 -122.713 -122.657

11 Ti (c) + % N204 (1) b TiO (c) + (4N2 (I) -124.443 -124.347 -122.731 -122.160

12 § Ti (c) + 4 N204 (1) w TiN (c) + 02 (8) -78.162 -78.920 -85.278 -87.596

13 § Ti (c) + ,0N20 4 (g) 4 TiN (c) + 02 (1) -81.585 -81.509 -85.315 -86.602

14 2Ti (c) -4 ½N20 4 (f) b TiN (c) + TiO2 (c) -303.662 -304.361 -297.561 -295.376

15§ 2Ti (c) + %N20 4 (f) 4 Ti203 (c) + %N2 (9) -359.393 -360.254 -359.G86 -359.649

16 2Ti (c) + %K204 (9) w Ti203 (c) + (N2(Ig) -364.528 -364.137 -359.740 -358.158

17 Ti (c) + 4 N204 (9) W& TiO2 (c) + 4 N2 (9) -226.580 -226.409 -223.958 -223.089

18 § 2AI (c) + % N20 4 (P) w A1203 (c) + % N2 (1) -396.893 -398.198 -395.540 -394.873

19 2AI (c) + % N204 (g) q& A1203 (c) + %4N2 (g) -402.028 -402.081 -395.594 -393.382

20 § 2V (c) + %4N204 (F) q V 20 3 (c) + %N2 (9) -,92.493 -293.243 -294.431 -292.605

212V(c) + N204 (1)qF V203 (c) + %N2 (1) -297.628 -297.126 -294.486 -291.114

22 V (c) + 4 N204 (f) v VN (c) + 2 02 (g) -38.462 -39.239 -46.191 -48.703

231 Al (c) + 4 N20 4 (1) r AIN (c) + 202 (g) -77.085 -77.167 -80.272 -8L348

24 7/2 V (C) + 'f"204 (1) W a/2VN (c) + V203 (c) -353.693 -354.38 .346.257 -341.205

25 7/2AI (c) + % N20 4 (f) •h 3/2AIN (c) + A1203 (c) -510.893 -512.242 -498.432 -493.930

26 Ti (c) + 2N420 (1) 4 TiO2 (c) + 2N2 (2) .264.720 -264.451 -262.075 -26L212

27 Ti (c) + 14 N20 (1) 4r TIN (c) + 1402 (g) -90.305 -90.256 -86.085 -84.650

S,,÷Ti Wc) + N20(W TiO(c) + N2(1)3.3, .788 141.22

29 0 Ti (c)'+ NO (g) qbTiO (c) + %N2 (g) -145.480 -145,428 -137.589 -34.899
30 * Ti (c) + 2111 (Q) qph TiO2 (c) + N, 8 -M6.660 -268.57. .253.677 -248.568

31 * Ti (c) + NO (g) w TIN (c) + 402 () .102.080 -102.081 .94.334 -91.686

320 TI (c) + 0N2 (g) q TiO (c) - %N2 (i) -127.855 -127.723 .123.016 -12L360
33* TI (C) + N02 (1) wh TiO2 (c) N2 (9) -233.410 -233.161 -224.530 -221.351

34 Ti (c) + NO2 (l) wh TIN (c) + 02 (j) -88.410 .88.261 -85.884 -85.043

35 TI (c) + NOCI (g) wk TIC12 + ZNO (g) -105.580 -105.208 -103.674 -103.082

36 * S/2Ti (c) + NOCI(I) b 14TICI (c) + TIN (c) + TiO (c) -278.770 .278.523 -263,063 -257.732

37 ° s/,V (c) + NOCI (g) wh I4VC 2(c) + VN (c) + VO (c) .209.920 -209.427 -193.949 .189.774 i1 _

38 * s,/AI (c) + NOCI (g) MA 1/S Al Cl3 (c) + AIN (c) + i/n A1203 (c) -278.090 -278.133 -260.699 -254.744

39 * Ti (c) + in NO3 (1) VA TiO2 (c) + I/3 N2 (1) .236.822 .236.591 -230.761 -228.625

40 TI (c) + us N205 (1) w TiO (c) + "/s W2 (9) -124.400 -124.380 -122.529 -12L9815

41* Ti (C)+ %N204 (F) + 4 021() •b TiO2 (c) + % N2 (9) -224.330 .224.605 -218.103 -215.932

42* Ti (c) + %N204(3) + 102 (1) q T10 2 (c) + %N2 (N ) -226.040 -225.900 -218.122 -215.435

43 TI ( 0) + N + -N -245.910 -246.195 -238.800 -236.326

44 * Ti (c) + 0N.O4 (1) + NO (g) wbTlO 2 (c) + %N2 (9) -247.620 -247.490 -238.619 -235.829

45 1 Ti (c) + %N 204 (f) + H20 (t) W TiO2 () + 4 N2 (1) + H2 (2) • 155.980 - -161.383 -

461 Ti(c) + %N204 (9) + H20 O (" Ti0 2 (c)+ % P'2 (1) + M2 () -157.720 - ,161,402 -

47 2TI (c) + NA204 () + 402 () Ti203 (c) + 4 N2 (l) -360.560 -360.090 -353,865 -351.498 t -

4 >. ~- .~
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TABLE A-2. (Cemelawed)

Standard Heat of Resctior, Standard Free Energy of Reaction,
MlR, kcal AGO, kcal

Number Reaction 298 K (77 F) 40 K (260F) 298 K (77 F) 400 K (260 F)

480 2Ti (c) + 5N204 (1) + 40 2 (1) wh Ti203 (c) + Ci N2 (g) -363.%5 -363.630 -353.192 -350.504

41 ZTi (c) + 15N204 0) + NO (g) Wil Ti203 (c) + N2 (g) -382.140 -381.680 -374.562 -371.892
500 2Ti (c) + N204 (g) + NO (g) w T1203 (c) + N2 (1) -385.565 -385.220 -374.58M -370.898

511 2Ti (c) + 5 N204lr) + "20 () q Ti2O3(c) + 4 N2 (g) +

H2(1) -292.240 - 21.145
521 2Ti (c) + CjN214 (g) + H20 ( qohTi 203 (c) + ý N2 (9) +

1H2(1) -295.655 - -297,172
53 4 Ti (c) + vsN204(P + %02 (g) V TiO (c) + vsN2 (g) .123.315 .123.445 -119.802 -118.581
540 T! (C) 4 I/aN 204 (g) + % 02 (g) w TiO (c) + 'A N2 (g) -124 170 *124.092 U119.811 -118.332
55' Ti (c) + ia N2 4 (t) + IiNO (j) wk Tio (c) + 3/SN2(g) -134.105 -134.240 -130.151 -128.778

56' Ti (C) + l/s N204 (g) + 4 NO (g) b TIC) (c) + V/8N 2 (g) .135.500 -134.890 -130.160 -17.8.529

571 Ti (c) + utN204 () + H20 ( t) TiO (c) + 1/N2 (1) +
M1N2 (1) "89.155 - "9.442

581 Ti (c) + i/o N204 (e) + % H20 O(t)t TiO (c) + 1a N2 (g) + ---"H2(2)-9.5-91 1-

590 Ti (c) + N204 f) + 3NO (1) 1& TiO (NO3)2 (c) + 3/21u 2 (1)- -275.373
60 Ti (c) + N204 M + 3/2 02 (11) w&ITiO (NO3)2 (c) --- 213.282-

Group D. Reactions of Tie, and Ti02. and TIN with N204 and Impurities in N204

61 Ti02 (c) + Ti (c) w 2TiO (c) -22.300 -22.285 -21.501 -21.230

62 TiO (c) + 0102 (1) w T'02 (c) -101.600 -101.553 -95.391 -93.275

63 TiN (c) + 4 02 (j) hTiO (c) + 41N2  -43.400 -43.347 -43.255 -43.213

641 TiO( (c) + N TiO2 (c) + 2110 (g) -53.764 -55.231 -77.241 -85.094

654 TIC (c) + No (g)) • Ti0 2 (c) + %N2 (1) -123.180 -123.143 -113.780 -113.669

66 TiO (c) A NO2 (C) W TiO2 (c) + NO (g) -87.930 -87.733 -86.941 -86.632

671 Ti0 2 (c) 3/2(N204 (M ) TiO (NO3 )2 ic) + NO (g) - - 4.057 -

68' Ti02 (c) +. 3N02 (g) m TiO (NO3)2 (c) + NO (g - 46.239
69 T1i02 (c) + 5NO (() m TiO (NO3)2 (c) + 3/2N2 (-) - -81.202

701 TIN (c) + N204 (f) TiO (c) + 3NO (1) +25.778 +24.565 -4.446 -2.425

71' Ti (c) + N204 () + 02 (g) O TiO (N03)2 (c) - - -96.390 -

3 72 * TiO (c) + N204 (n + 2NO (11) & TiO (NO3)2 (c) + N2 (1) - - -137.784
73' Tie2 (c) + N204 M + (I02 Wb TiO (NO3)2 (c) - - -0.999
74' Ti02 (c) + N204 (n + No (g) WTiO (NO3)2 (c) + 4N2 (9)- - -21.696

75 Ti02 (c) + 4NOCI (g) 0 TiC14 (c) + 2NO2(i) + 2NO (1) 41.700 +42.360 +37.656 +34.123

76- Ti02 (C) + 4NOCI (g) b TiCl 4 (c) + 2N203 (g) +22.320 +23.292 +38.416 41.763

77 Ti02 (C) + 4NOCI (a) h TiCI4 (C) + 3/2 N204 Ct + 4 N2 (C) 424.294 -20.803 +.691 +14.744
781 Ti02 (c) + 4NOCI (3) 0 TiCI 4 (C) + 2 (11 ) + 302 g) -17.280 -16.090 -28.232 -34.167
791 T10 (c) + 4NOCI (g) mb TiC14 (c) + 3NO (g) + N02 (C) -46.320 -45.103 49.285 .50.509

801 TiO (c) + 4NOCI (g) 0t TiCI 4 (c) + 212 (9) + 5/202(VI) -138.800 -117.643 -123.623 -125442
81 TiO (c) + 2NOCI (s) %&TiCI2 (c) + NO2 (g) + NOCI) (.4.650 +4.810 +4.768 +4.780
82 TiN (c) + 4NOCI (1) ViaTiC14 (c) + 3N1 (1 ) + N20 (g) P7'.930 -76.690 -79.891 -80.757
83' TIN (c) + 5NOCI (9) + 21420 () O TICI4 (c) + NH4CI (C) +

3NO(g) + N204(r) -53.573 - -32.857
84 TiO2 (c) + 2• 2 ( ,M v& TiO (NO3)2 (c) + H20 () - +3.621

85 TiO (c) - 2HNO 3 (f Ti (NO3)2 (c) + H20 - - -28.768

Group E. Reactions for Possible Cl Removal by Silver Additions

86 NO CI () + All (c) wbApCI (C) + NO (1) -21.402 - -21.576

871 (N204 M + Ag (C) qAk'jN0y(c) + NO (g) -3.174 - 10.275-

881 4 N204 (P), 2 All (c) erbAg20 (c) + NO 10) +16.612 - +6.470 -

89' AgNO 3 (c) + NOCI (1) wh AgCI (c) ý N204 C .18.228 - -11.301 -

90 ,AICI (c) Ti (c) 0 TICM (c) + 2Ag (c) .62.776 - -0.522 -

(a) The following notations are used in this table:
(C) designates gis phase
tc) designates condensed or solid phase
(1) designals liquid phase

designatns reactions favored for completion by increasing preasure
1 designates reactions (epressed by increasing plessure.

(b) Numerical values carried beyond the significant place loW computational consistency.
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